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ABSTRACT

Author: Falcone, Caitlin, E. Ph.D.
Institution: Purdue University
Degree Received: December 2017
Title: Ambient Ionization Mass Spectrometry for Metabolomics and Reaction Acceleration
Major Professor: R. Graham Cooks
This dissertation discusses two interlocking topics: metabolomics by ambient ionization
mass spectrometry and reaction acceleration. Ambient ionization mass spectrometry, a fast
technique with minimal sample preparation, was used for rapid screening of metabolites. Leaf
spray mass spectrometry was proven as a rapid molecular diagnostic tool for emerald ash borer
infestation. Leaf spray mass spectrometry was performed on 23 different ash trees to determine
that the mass spectra profiles of healthy and infested ash tree leaflets. The discriminator ions of
healthy and EAB-infested ash trees were based on principal component analysis and the
chemical identities of the discriminator ions were determined by tandem mass spectrometry and
confirmed with standards. Healthy ash trees showed increased levels of ursolic acid and
oleanolic acid and trees and EAB-infested ash trees showed increased levels of six-carbon sugar
alcohols. This study suggests that leaf spray mass spectrometry of ash tree leaflets provides a
potential tool for the early detection of ash tree infestation by the emerald ash borer. Preliminary
studies were conducted on the chemical profiling of cerebrospinal fluid for the diagnosis of
Parkinson’s disease. Traditional metabolomics utilizes sample preparation and chromatography
which allows for the detection of low concentration metabolites and prevents the excess salt
content in cerebrospinal fluid from disrupting analysis. To overcome these limitations, reactive
paper spray was used to increase the ionization efficiency of low concentration metabolites and
inductive nanoelectrospray was used to the mediate the high salt content
Accelerated chemical reactions occur in charged microdroplets. The reduced reaction
times making this technique ideal for a screening methodology for reaction conditions and
pathway discovery. Reaction acceleration was exploited in preparative ES to discover new
pathways and refine conditions to the formation of atropine. Preparative ES gives a binary
response as to whether a synthetic route does or does not yield product and a successful reaction

xvi
in spray guided the choice of possible reactions to pursue in microfluidics. This technique
yielded a two-step pathway to the synthesis of atropine that had not previously been published.
Reactive extractive electrospray was developed to address the difficulties in continuously
accelerating multistep reactions, accelerating reactions in immiscible solvents and reagents, and
further accelerating reactions by manipulating the voltages and polarities on individual reagents.
Reactive extractive electrospray was used to continuously synthesize atropine by a multistep
reaction with similar percent conversions as the two-step process in preparative ES. Reactive
extractive electrospray was also used to study how voltage and polarity effects the formation of
the Claisen-Schmidt based catalyzed condensation product. In the Hantzsch pyridine synthesis,
the reagents used are not immiscible in the traditional bulk solvent, therefore an inferior solvent
was necessary to accelerate the reaction in electrospray. Utilizing the dual emitter technique, the
traditional bulk solvent was used without issue and the reaction was further accelerated. This
reaction was accelerated online removing the distance and high flow rates necessary in previous
publications. Herein is a discussion on metabolomics by ambient ionization mass spectrometry
and reaction acceleration.

1

CHAPTER 1.

1.1

INTRODUCTION

Overview
This dissertation discusses two interconnecting topics: metabolomics by ambient ionization

mass spectrometry and reaction acceleration. In traditional metabolomics, there is a sample
preparation process and separation of analytes by chromatography to profile a wide range of
metabolites in a sample. These two steps are not always necessary when analyzing samples by
ambient ionization mass spectrometry. Reactive techniques can be used to increase the ionization
efficiency of analytes effected by ion suppression due to complex sample matrices, low
concentration analytes, and analytes that do not readily ionize. Reaction acceleration can occur
almost instantaneously to derviatize the analyte or functional group in the analyte of interest.

1.2

Ambient Ionization Mass Spectrometry
Mass spectrometry measures the mass to charge ratio of ions, therefore under most

conditions a sample must be ionized. Ambient ionization is an ionization technique that ionizes
molecules in ambient conditions, open-air surface analysis, outside of the vacuum of a mass
spectrometer. A common characteristic of ambient ionization is that it requires minimal to none
sample pretreatment.1 This technique can perform both qualitative and quantitative analysis and
can decrease turnaround time and cost per sample. Two of the main methodologies were
developed in parallel in two separate labs, desorption electrospray ionization (DESI) and direct
analysis in real time (DART). DESI ionizes samples by electrospraying charged droplets onto the
sample for analysis and the collision of the charged droplets with the sample produces gaseous
ions of the analytes in the sample.2 In DART, a plasma creates electronically or vibronically
excited atom and metastables and a heated gas carries these metasables to interact with the
sample forming ions. The heated gas also assists in the desorption of molecules on the sample.3
Other iterations of ambient ionization include paper spray,4 leaf spray,5 low temperature plasma,6
laser ablation electrospray ionization,7 flowing afterglow atmospheric pressure glow discharge,8
desorption atmospheric pressure chemical ionization9 and matrix-assisted laser desorption
electrospray ionization.10

2
1.3

Reaction Acceleration
Accelerated reactions in microdroplets have been studied using desorption electrospray

ionization (DESI),11-13 nanoDESI,14 paper spray15 and electrospray ionization (ESI)16 as well as
in levitated form.17 These reactions have been employed to derivatize analytes for improved MS
analysis,18 in mechanistic studies,19-21 to identify reaction intermediates13,22,24 and to perform
microscale synthesis.25,26 Accelerated droplet reactions can be monitored by on-line MS analysis
and they can be used to prepare milligram quantities of material in minutes.24 The mechanism for
reaction acceleration is not definitively known however there are a few proposed ideas. Lee et. al
suggests that in microdroplets, evaporation does not accelerate reactions and the droplet-air
interface is important in accelerating reactions.26 On the contrary, Girod et. al states that as
evaporation occurs reagent concentrations increase leading to an increase in collisions compared
to bulk solutions. This evaporation also leads to changes of the solutions pH, which could further
accelerate a reaction.12 Other potential explanations for reaction acceleration in charged
microdroplets are discussed in the conclusion of Chapter 5.
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1.4
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CHAPTER 2.
MOLECULAR RECOGNITION OF EMERALD ASH
BORER INFESTATION USING LEAF SPRAY MASS
SPECTROMETRY

2.1

Abstract
The introduction of the emerald ash borer (Agrilus planipennis) from Asia to Michigan,

USA in the 1990’s caused the widespread death of ash trees in Canada and the united states. The
three current methods for the detection of emerald ash borer infestation (visual surveys, tree
girdling and artificial traps) can be unreliable and there is a clear need for a rapid, dependable
technique for the detection of emerald ash borer infestation. Leaf spray, an ambient ionization
method for mass spectrometry, gives direct chemical information on a leaf sample by applying a
high voltage to a naturally or artificially sharply pointed leaf causing gas phase ions to be generated
directly from the leaf tip for mass spectrometric analysis. Leaflets from 23 healthy and emerald
ash borer infested ash trees were analyzed by leaf spray mass spectrometry to distinguish the
healthy and emerald ash borer infested ash trees. In negative ion mode, healthy ash trees showed
increased abundance of ions m/z 455.5, 471.5 and 487.5 and ash trees infested with the emerald
ash borer displayed increased abundance of ions m/z 181 and 217. The identities of the chemical
discriminators, ursolic acid and oleanolic acid in healthy ash trees and six-carbon sugar alcohols
in emerald ash borer infested ash trees, were determined by tandem mass spectrometry and
confirmed with standards. This study suggests that leaf spray mass spectrometry of ash tree leaflets
provides a potential tool for the early detection of ash tree infestation by the emerald ash borer.

2.2
2.2.1

Introduction
Emerald Ash Borer
The emerald ash borer (Agrilus planipennis) (EAB) is an invasive beetle accidently

introduced into North America in the 1990s. This introduction remained unobserved until 2001
with the mysterious decline of ash trees in Michigan[1] and in the subsequent year 5 to 7 million
ash trees were infested.[2] EAB eggs are laid on the bark of ash trees and the EAB larvae burrow
into the tree and create serpentine galleries in the inner phloem, outer xylem and cambium as
they feed.[3] In North American ash trees, these serpentine galleries disrupt the ability of the tree
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to transport nutrients and water leading to mortality.[1] In Asia, colonization by the EAB is
restricted to stressed, primarily Manchurian and Chinese, ash trees;[3] however, in the current
North American EAB invasion, the EAB may initially prefer stressed trees but in large
population densities healthy ash trees are also colonized.[5] There have been studies on the
phenolics,[6–8] proteomics,[9] metabolomics[10] and nutritional chemistry[6] unique to Manchurian
ash phloem to determine why the EAB does not colonize healthy Manchurian ash; currently,
there is no definitive explanation. In Ohio, USA, six years after the introduction of the EAB, the
mortality rate of 908 ash trees in one study was over 99%.[11] EAB infestations are detected three
or more years after initial EAB colonization of an area[1] and EAB populations spread at a rate of
20 km per year.[12] There is therefore the need for a fast, sensitive and reliable technique for the
determination of EAB infestation in ash trees.
2.2.2

Detection
Currently, there are three main detection methods for EAB infestation: visual surveys,

girdled ash tree traps and artificial traps. Visual surveys for EAB infestation are based on the
observation of D-shaped exit holes from emerging adult EABs, longitudinal cracks over larval
galleries, canopy dieback and epicormic shoots on large branches or trunk of the ash tree.[5]
Visual surveys are inaccurate because the external symptoms of EAB infestation are not evident
until the ash tree is heavily infested.[13] While D-shaped exit holes are the most reliable external
symptoms for visual surveys and appear before the other external indicators, EABs will initially
colonize the upper canopy of ash trees making their observation difficult by visual surveys.[1] The
second method, the girdling of ash trees, is the most effective for EAB detection,[14] especially in
low-density EAB populations.[15] This technique is based on the preference of the EAB for
stressed trees.[11] Ash trees are girdled in the spring and attract EABs for reproductive purposes.
In fall or winter, at the end of the reproductive season, the bark from the girdled trees is removed
to visually detect EAB larva.[1] Unfortunately, this technique is labor intensive and the presence
of EAB larva in the girdled tree does not identify colonization of other trees in the area. The third
detection method for EAB infestation uses artificial traps. Sticky traps are baited with chemical
lures that consist of electro- antennal active ash tree volatiles[16,17] since EABs do not produce
long-range pheromones.[13] This technique, like girdling ash trees, is effective in detecting and
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monitoring an EAB infestation; however, it is not possible to determine which ash trees near the
traps are colonized by EABs. Therefore, there remains a need for a fast and reliable technique for
the detection of EAB colonization in individual ash trees.
2.2.3

Metabolomics
There are only two studies on the foliar chemical changes on ash trees from the feeding of

the EAB. EAB adult feeding on ash leaflets significantly decreased the total foliar phenolics in
white ash foliage; however, it had no effect on the total foliar phenolics of black and green ash
foliage.[18] EAB adult feeding caused multiple changes in the foliar volatiles: two volatiles
increased in black ash, two volatiles increased and two decreased in green ash, and seven
volatiles increased in white ash, but most notably indole was the only volatile to increase in all
three species.[18] EAB larval feeding on black ash seedlings increased glucose and starch levels,
reduced the concentrations of 16 foliar amino acids and increased the phenolics verbascoside and
ligstroside in foliage extracts.[19] The total protein concentration in the leaves of the infested
seedlings increased over time, but at a slower rate than in the control green ash seedlings. EAB
feeding on black ash seedlings produced changes in six compounds in leaf volatiles, mainly
suppressing (Z)-3- hexenyl acetate and increasing emissions of methyl salicylate and (Z,E)-αfarnesene.[19]
2.2.4

Leaf Spray
Leaf spray is an ambient ionization technique for the in vitro or in vivo analysis of leaves

and other plant materials.[20] The leaf is cut to a sharp point, a copper clip is attached, and an
aliquot of solvent is then applied for optimal extraction of the chemicals on the surface and
within the leaf. A high voltage is applied to the copper clip resulting in the field emission of
charged droplets from the sharp tip of the leaf. Leaf spray has been used for the detection of
urushiols in poison ivy (T. radicans),[21] glycosides in Stevia,[22] phenolic glycosides in Populus
deltoids and Populus grandidentata,[23] ursolic acid and oleanolic acid in Tulsi (Ocinum
sanctum),[24] and pesticide residues in fruits and vegetables.[25] The technique has also been used
for the differential screening of phytochemicals in Hibiscus species, resulting unique metabolic
fingerprints mass spectra for each species.[26] Leaf spray coupled with a miniature mass
spectrometer has been reported for the in-field detection of herbicides on blades of grass.[27]
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2.3

2.3.1

Experimental

Samples
Leaflets from 23 ash trees were collected in this study from Hannah Park (Lafayette, IN,

USA), Linwood Park (Lafayette, IN, USA), Soldier’s Home Road (West Lafayette, IN, USA)
and Purdue University’s campus (West Lafayette, IN, USA). Sample collection occurred on July
7th, 16th and 19th, 2014, during the hours of 14:00 to 17:00. Leaflets from low-lying branches
were collected from three different locations in each tree. After collection, the leaflets were
stored in a –20°C freezer.

2.3.2

Chemicals
HPLC-grade methanol was purchased from Fisher Chemicals (Fairlawn, NJ, USA) and

chloroform, formic acid, and ammonium hydroxide were obtained from Avantor Performance
Materials, Inc. (Phillipsburg, NJ, USA). Standards of dulcitol, D-mannitol oleanolic acid, Dsorbitol and ursolic acid were purchased from Sigma Aldrich (St. Louis, MO, USA).

2.3.3

Instrumental Parameters
All experiments were performed using an LTQ linear ion trap mass spectrometer

(Thermo Fisher Scientific, San Jose, CA, USA). Leaf spray analysis in the positive ion mode was
performed with a 3.5 kV spray voltage and with a 2.5 kV spray voltage being used for nanoESI.
Other experimental parameters used in negative ion mode were: capillary temperature: 200°C;
tube lens voltage: –85 V; capillary voltage: –20 V. Leaf spray analysis in the negative ion mode
was performed using a 3.0 kV spray voltage and a 2.0 kV spray voltage for nanoESI. Other
experimental parameters used were: capillary temperature: 200°C; tube lens voltage: 85 V;
capillary voltage: 20 V. Tandem mass spectrometry was performed with an isolation window of
2 m/z units and 25% collision energy. The spectra were acquired with automatic gain control
while averaging 3 micro-scans for each spectrum. For nano-electrospray ionization (nanoESI)
analysis of the standards in the negative ion mode, 100 μM standards in methanol were prepared
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and diluted preceding nanoESI analysis in a ratio of 10:8:1:1 (100 μM
standard/methanol/water/chloroform). The resulting sample was then spiked with 0.05%
ammonium hydroxide.

2.3.4

Leaflet Extracts
Leaflet extracts were prepared from 3 confirmed EAB infested ash trees and 2 healthy ash

trees. The leaflet was weighed, frozen with liquid nitrogen and ground with a mortar and pestle.
The ground leaflet was transferred to a centrifuge tube and then diluted with 2.000 mL of the
extraction solvent for every 0.1000g of leaflet. The extraction solvent was a ratio of 8:1:1 methanol,
water and chloroform. The resulting sample was sonicated on ice for 10 minutes and extracted
over night on ice in a 4C refrigerator. The samples were then centrifuged (10,000xg) for 10 minutes
and the extract was removed from the ground leaflet. The extracts were stored in a -4C freezer.
The leaflet extracts were analyzed by nanoESI with a spray voltage of 2.5kV and 2.0kV, for
positive ion mode and negative ion mode respectively. For MS analysis the extracts were diluted
in a 1:1 ratio of extract and methanol and spiked with 0.05% formic acid for positive ion mode and
0.1% ammonium hydroxide.

2.3.5

Leaf Spray
Leaflets were removed from the –20°C freezer and thawed over ice. The leaflet triangles

were cut (1 cm width, 1.5 cm height) immediately before analysis to ensure a sharp tip and flat
triangle by preventing the edges of the leaflet triangle from curling. The major veins were
avoided when cutting the leaflet triangles as they prevented even solvent flow from the base of
the triangle to the tip. The leaflet triangles for negative ion mode were cut as mirror images of
the positive ion mode leaflet triangles with respect to the central leaf vein to limit the variability
based on location in the leaf. A copper clip was attached to the base of the leaflet triangle with
the abaxial surface facing upwards for better solvent penetration of the leaflet cuticle. For
positive ion mode analysis, the leaflet triangles were spotted with 20 μL of a stock solution in the
ratio 18:1:1 methanol/water/chloroform spiked with 0.01% formic acid. In negative ion mode,
the leaflet triangles were spotted with 20 μL of a stock solution of 18:1:1
methanol/water/chloroform spiked with 0.05% ammonium hydroxide. High voltages of 3.5 kV
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and 3.0 kV were applied to the copper clip at the base of the leaflet triangle in positive and
negative ion mode, respectively. A steady ion signal was not observed without the application of
a solvent.

2.3.6

Principal Component Analysis and Disease State Assignment
The MS spectra reported are the average of 55 scans, corresponding to the first 20 s of

acquisition. The mass spectral data were exported using nominal mass and were total ion
chronogram (TIC) normalized over the mass range of m/z 150–1000 and column centered in
Excel (Microsoft, Redmond, WA, USA). Covariance principal component analysis was
performed using Origin (OriginLab, Northampton, MA, USA). For the training set of five ash
trees, the assignments were based on visual surveys by a certified arborist. The three EABinfested ash trees had severe EAB infestation with numerous D-shaped exit holes on their lower
trunk. The two healthy trees for the training set were chosen because there was no visible foliage
loss in the canopy, no epicormic shoots and no visible D-shaped exit holes.

2.4
2.4.1

Results and Discussion
Leaflet to Leaflet Variability
Leaflets from one healthy and one EAB-infested ash tree were analyzed by leaf spray mass

spectrometry in both positive and negative ion mode. These experiments evaluated the day to
day variability of the leaf spray methodology, the leaflet-to-leaflet variability and the variability
from leaves taken from three different sampling locations in each tree. A total of 17 leaflets from
each tree was analyzed over the course of the five experimental days. On each experimental day,
one or two ash tree leaflets from each of the three locations on the tree were analyzed using a
total of three to four leaflets depending on the size of the leaflet. An equal number of samples
was run from each leaflet in both positive and negative ion mode for a total of 60 samples from
each tree, each day. The TIC-normalized, column-centered spectra were subjected to principal
component analysis (PCA) to determine the significant m/z discriminators. The score plot
showed that the day to day variability (Figure 2-1), the variance from sampling location in the
tree (Figure 2-2) and the variability from leaflet-to-leaflet (Figure 2-3) were all minimal.
Principal components 1 and 2 account for 82.6% and 5.7% of the total variance, respectively.
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Figure 2-1: Score plot of positive ion mode leaf spray spectra for multiple day analysis
Score plot of positive ion mode leaf spray spectra for multiple day analysis of a healthy (PU1,
left) and EAB infested (PU14, right) ash trees. The score plot shows limited day to day
variability in the sample set.
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Figure 2-2: Score plot of positive ion mode leaf spray spectra for sampling location analysis
Score plot of positive ion mode leaf spray spectra for multiple day analysis of a healthy (PU1,
left) and EAB infested (PU14, right) ash trees. This score plot shows there is limited variability
based on sampling location.
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Figure 2-3: Score plot of positive ion mode leaf spray spectra for leaflet to leaflet analysis
Score plot of positive ion mode leaf spray spectra for multiple day analysis of a healthy (PU1,
left) and EAB infested (PU14, right) ash trees. This score plot shows there is limited leaflet to
leaflet variability.

The PCA of the negative ion mode leaf spray data produced similar results to the positive
ion mode PCA, with a clear separation between healthy and EAB-infested trees. The score plot
showed that the day to day variability (Figure 2-4), the variance from sampling location in the
tree (Figure 2-5) and the variability from leaflet-to-leaflet (Figure 2-6) were all minimal. The
loading plot of the negative ion mode data attributes the principal differences in the leaf spray
mass spectra to m/z 181 and 217 for the EAB-infested ash tree and to m/z 215, 241, 277, 377,
456, 472 and 488 for the healthy ash tree. Principal components 1 and 2 account for 68.6% and
12.4% of the variance, respectively. The results of this analysis of single healthy and single
EAB-infested trees show that variation between day of analysis, leaflets and position of leaf on
the tree are small and that mass spectra profiles can be used to discriminate EAB-infested from
healthy ash trees.
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Figure 2-4: Score plot of negative ion mode leaf spray spectra for multiple day analysis
Score plot of negative ion mode leaf spray spectra for multiple day analysis of a healthy (PU1,
left) and EAB infested (PU14, right) ash trees. The score plot shows limited day to day
variability in the sample set.
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Figure 2-5: Score plot of negative ion mode leaf spray spectra for sampling location analysis
Score plot of negative ion mode leaf spray spectra for multiple day analysis of a healthy (PU1,
left) and EAB infested (PU14, right) ash trees. This score plot shows there is limited variability
based on sampling location.
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Figure 2-6: Score plot of negative ion mode leaf spray spectra for leaflet to leaflet analysis
Score plot of negative ion mode leaf spray spectra for multiple day analysis of a healthy (PU1,
left) and EAB infested (PU14, right) ash trees. This score plot shows the separation based on
different leaflets.

2.4.2

Large Sample Set
The leaflets from 23 ash trees were analyzed by leaf spray in both positive and negative

ion mode to test discrimination based on leaf spray mass spectrometry to evaluate leaf spray as a
potential diagnostic tool for EAB infestation. Three to four leaflets, depending on the size of the
leaflet, were analyzed from each tree with 12 leaflet triangles being examined in both positive
and negative ion mode. For positive and negative ion mode leaf spray mass spectra, see
Appendix A Figures A-1 to A-23. The TIC-normalized, column-centered data were subjected to
PCA. The score plot for the positive ion mode data for the 23 trees did not show separation based
on EAB infestation. The score plot for the negative ion mode data showed separation based on
EAB infestation and the loading plot showed discrimination between EAB-infested ash trees
based on m/z 181 and 217 and healthy ash trees based on m/z 241, 277, 455, 456, 471, 472 and
488 (Figure 2-7 a and b). The ion of m/z 241 gives the most abundant peak in two of the three
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confirmed EAB-infested ash trees; therefore, it is not a discriminator for healthy ash trees. The
three confirmed EAB- infested ash trees and the two ash trees with no physical signs
of questionable health were used as the training set for PCA and the principal components for
each tree (Figure 2-7 c) were calculated from the principal component scores for each m/z value.
The separation in the new loading plot is in three directions (Figure 2-7 d) giving a similar but
better-defined separation in the scores plot of all the ash trees (Figure 2-7 e). This data lead to the
conclusion that EAB-infested and healthy ash trees from a larger (N = 23) population can be
separated by leaf spray in the negative ion mode.
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Figure 2-7: Large Sample Set Score and Loading Plots
(a)Score plot of the negative ion mode leaf spray MS data for 23 ash trees with the healthy ash
trees circled in grey. (b) Loading plot of the negative ion mode leaf spray MS data for 23 ash
trees. (c) Score plot of the negative ion mode training set data with the three confirmed EABinfested ash trees circled in black (left) and the two healthy ash trees circled in grey (right). (d)
Loading plot of the negative ion mode leaf spray MS data for the training set. (e) Score plot of
the negative ion mode leaf spray MS data for 23 ash trees using the training set. The EABinfested ash tree data are circled in black (left) and the healthy ash tree data are circled in grey
(right).
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2.4.3

Leaflet Extracts
Leaflet extracts from the five training set ash trees were compared by nESI in both

positive and negative ion mode. The nESI negative ion mode MS spectra of the healthy ash tree
leaflet extracts (PU1, PU2, PU8) and the confirmed EAB infested ash tree leaflet extracts (PU14,
LIN, HAN) showed similar MS profiles and are not classifiable based on the m/z discriminators
for healthy and EAB infested ash trees found in the leaf spray analysis. Due to their similar MS
profiles the leaflet extracts are not a useful diagnostic tool to determine healthy or EAB infested
ash trees. For mass spectra see Appendix A Figures A-24 to A-29.

2.4.4

Identification of Discriminating Compounds
The identities of the discriminating compounds were investigated using tandem mass

spectrometry. The product ion spectrum of m/z 181, the discriminator ion for EAB- infested ash
trees, yields a main product ion of m/z 163 after loss of water (Figure 2-8 a). An additional stage
of analysis, MS3 of m/z 181 via m/z 163, produces product ions at m/z 145, 131, 101 and 85 due
to loss of water, methanol, ethylene glycol and water combined with subsequent loss of ethene1,2-diol (Figure 2-8 b). This fragmentation pattern matches that typically seen in six-carbon
sugar alcohols. Standards of these six-carbon sugar alcohols, dulcitol, mannitol and sorbitol,
were ionized via nanoESI and fragmented under the same conditions as used in leaf spray and
they yielded almost identical fragmentation patterns, thus identifying the unknown m/z 181 as the
[M–H]– ion from a six-carbon sugar alcohol (Figure 2-9).
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Figure 2-8: MS/MS and MS3 m/z 181
a) MS/MS of discriminating compound for EAB infested ash trees, ion m/z 181. The main
fragment ion of m/z 163 is due to loss of water. b) MS3 of m/z 181 fragmenting via m/z 163.
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Figure 2-9: MS/MS Six-Carbon Sugar Alcohols
Production MS/MS spectra in negative ion mode of unknown m/z 181 in an EAB-infested
ashtree leaflet and the [M–H]– ion at m/z 181 from dulcitol, mannitol and sorbitol.

The identity of the other negative ion discriminator for EAB-infested ash trees, m/z 217,
was determined by MS/MS. The product ion spectrum of m/z 217 yields a main product ion of
m/z 181 by loss of HCl (Figure 2-10 a). MS3 of m/z 217 via m/z 181 produces a main product ion
of m/z 163 due to loss of water (Figure 2-10 b). MS4 of m/z 217 via m/z 181 and 163 yields the
same fragmentation as the m/z 181 discriminator ion (Figure 2-10 c). Therefore, the unknown
m/z 217 ion is the chloride adduct of a six-carbon sugar alcohol.
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Figure 2-10: MS/MS, MS3, MS4 m/z 217
a) MS/MS of discriminating compound for EAB infested ash trees, ion m/z 217. The main
fragment ion m/z 181 is due to loss of HCl. b) MS3 of m/z 217 via m/z 181. c) MS4 of m/z 217 via
m/z 181 and m/z 163.

The mass spectra were exported using nominal mass; therefore, discriminators m/z 455
and 456 correspond to the same ion, m/z 455.5. This fluctuation is due to an instrumental drift of
0.1 m/z units. Tandem mass spectrometry was used to determine the identity of the negative ion
discriminator for healthy ash trees, m/z 455.5. The product ion spectrum of m/z 455.5 yields a
main product ion of m/z 407.5 (Figure 2-11 a) and MS3 of m/z 455.5 via m/z 407.5 produces
product ions of m/z 391 and 377 (Figure 2-11 b). This fragmentation pattern is consistent with
previously published data on oleanolic acid and ursolic acid;[24,28] however, we believe that an
alternative fragmentation mechanism is more likely than that suggested in these papers.
Standards of oleanolic acid and ursolic acid were ionized via nanoESI and fragmented under the
same conditions as leaf spray and yielded identical fragmentation patterns identifying the
discriminator ion m/z 455.5 as the [M–H]– ion of oleanolic acid and/or ursolic acid (Figure 2-12).
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Figure 2-11: MS/MS, MS3, MS4 m/z 455.5
a) MS/MS of discriminating compound for healthy ash trees, ion m/z 455.5. b) MS3 of m/z 455.5
via m/z 407.5 c) MS4 of m/z 455.5 via m/z 407.5 and m/z 391.5. d) MS4 of m/z 455.5 via m/z
407.5 and m/z 377.
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Figure 2-12: MS3 Oleanolic Acid and Ursolic Acid
Product ion MS3 spectra in negative ion mode of unknown m/z 455.5 in a healthy ash tree leaflet
and of the [M–H]– ions at m/z 455.5 of oleanolic acid and ursolic acid.

The healthy ash tree discriminator ions, m/z 471.5 and 487.5, were also subjected to
MS/MS to identify the responsible compounds. The product ion spectrum of m/z 471.5 yields a
main product ion of m/z 453.5 after loss of water (Figure 2-13 a), MS3 of m/z 471.5 via m/z 453.5
yields m/z 407.5 (Figure 2-13 b) and further fragmentation yields results identical to the m/z
455.5 discriminator ion (Figure 2-13 c and d). The product ion spectrum of m/z 487.5 yields a
main production of m/z 469.5 after loss of water (Figure 2-14 a). The MS4 of m/z 487.5 via m/z
469.5 and 425.5 yields a main product ion of m/z 407.5 after loss of water (Figure 2-14 c) and
further fragmentation of ion m/z 407.5 yields identical results to those from the m/z 455.5
discriminator ion (Figure 2-14 d). This data leads to the conclusion that discriminators m/z 471.5
and 487.5 are related to oleanolic acid and ursolic acid and are singularly oxygenated species and
doubly oxygenated species, as seen in previously published leaf spray data.[24]
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Figure 2-13: MS/MS, MS3, MS4, MS5 m/z 471.5
a) MS/MS of discriminating compound for healthy ash trees, ion m/z 471.5. b) MS3 of m/z 471.5
via m/z 453.5 c) MS4 of m/z 471.5 via m/z 453.5 and m/z 407.5. d) MS5 of m/z 471.5 via m/z
453.5, m/z 407.5 and m/z 391.5.
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Figure 2-14: MS/MS, MS3, MS4, MS5 m/z 487.5
a) MS/MS of discriminating compound for healthy ash trees, ion m/z 487.5. b) MS3 of m/z 487.5
via m/z 469.5 c) MS4 of m/z 487.5 via m/z 469.5 and m/z 425.5. d) MS5 of m/z 487.5 via m/z
469.5, m/z 425.5 and m/z 407.5.

2.5

Conclusions
Leaf spray mass spectrometry was used to chemically distinguish between EAB-infested

and healthy ash trees. The results of single healthy and single EAB-infested ash tree leaf spray
mass spectrometry analysis show that variations between day of analysis, leaflets and position of
leaf on the tree are small. With a training set of five ash trees, this data leads to the conclusion
that EAB-infested and healthy ash trees from a larger (N = 23) population can be distinguished
by leaf spray in the negative ion mode. The identities of the discriminator ions in negative ion
mode were determined by tandem mass spectrometry and confirmed with standards such as
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ursolic acid and oleanolic acid in healthy ash trees and six-carbon sugar alcohols in EABinfested ash trees. There are difficulties in validating the disease state at the time of analysis as
the three current methods for the detection of EAB infestation, visual surveys, tree girdling and
artificial traps, can be unreliable. This study suggests that leaf spray mass spectrometry of ash
tree leaflets provides a potential tool for the early detection of ash tree infestation by the emerald
ash borer.
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CHAPTER 3.

3.1

CHEMICAL PROFILING OF CEREBROSPINAL FLUID
BY MULTIPLE REACTION MONITORING

Abstract
Parkinson's disease is a neurodegenerative disorder that is characterized by abnormal and

progressive degeneration of dopaminergic neurons and the formation of Lewy bodies,
intracytoplasma inclusion bodies, in the substantia nigra and other areas in the brain and the
autonomic nervous system.1 The current methodology for diagnosing Parkinson’s disease is based
on the physical manifestation of motor abnormalities with the diagnosis of Parkinson’s disease
confirmed during autopsy by the presence of Lewy bodies.2 There is currently no diagnostic for
early stage Parkinson’s disease before the onset of motor abnormalities, therefore there is a need
for a diagnostic test before the presence of motor abnormalities. Traditionally in metabolomics,
separation by chromatography precedes mass spectromic analysis, however using ambient
ionization mass spectrometry minimizes sample preparation in screening cerebrospinal fluid for
putative biomarkers. Preliminary experiments were conducted to develop a technique for the early
stage detection of Parkinson’s disease based on cerebrospinal fluid analysis. Paper spray and
nanoelectrospray ionization were coupled with tandem mass spectrometry (MS/MS) for detection
and chemical characterization of specific metabolites and small molecules and a methodology for
multiple reaction monitoring (MRM) was developed. These experiments explored and compared
the performance of ambient ionization methods for the MS/MS detection of compounds in artificial
CSF at physiological concentrations. Four functional groups commonly found in biological
samples were targeted for in situ chemical derivatization by reactive paper spray to amplify their
ionization efficiency and allow relative quantitative analysis in low concentration solutions. Due
to the high salt content of CSF, inductive nanoelectrospray ionization was utilized for continuous
ionization of the CSF to prevent the salts from clogging the nESI emitter. The biomarker search
was performed using small volumes of CSF and recording broad chemical profiles as well as
measuring relative amounts of specific molecules already reported in CSF. These preliminary
studies provided the ground work for later publications on early Parkinson’s disease diagnosis.
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3.2

3.2.1

Introduction

Parkinson’s Disease
Parkinson's disease is a neurodegenerative disorder. Symptoms of Parkinson’s disease

include resting tremor, muscular rigidity, bradykinesia and postural instability.2 The neuronal
degeneration is complemented with the formation of Lewy bodies in the substantia nigra and other
locations in the brain and the autonomic nervous system.1 Parkinson’s disease is diagnosed based
on the physical manifestation of motor abnormalities. The diagnosis of Parkinson’s disease is later
confirmed during autopsy by the presence of Lewy bodies.2 There have been multiple top down
proteomics studies utilizing brain tissue, serum and cerebrospinal fluid to develop a chemical
diagnosis. In brain tissue with Lewy bodies there are modifications in the alpha-synuclein, a
presynaptic nerve terminal protein, and there are low levels of phosphorylated alpha synuclein.3
Proteomics of serum showed 26 differentially expressed proteins where 8 proteins were increased
and 18 proteins including apolipoprotein A-I, which regulates lipid metabolism in the central
nervous system, were decreased.4 Proteomics of cerebrospinal fluid showed differences in serum
albumin precursor, serum albumin chain-A, PRR 14 and serum transferrin N-terminal lobe in
Parkinson’s disease compared to healthy cerebrospinal fluid.5 In 2017, using LC-MS analysis of
serum, Han et al differentiated healthy and Parkinson’s disease patients with high accuracy based
on the five metabolites vanillic acid, 3-hydroxykynurenine, isoleucyl-alanine, 5-acetylamino-6amino-3-methyluracil, and theophylline.6 The metabolome of cerebrospinal fluid is being mapped
and quantified7-9 and is known for metabolites related to neurological and neurodegenerative
diseases. In 2013, LC-MS analysis of cerebrospinal fluid showed 19 analytes that differed from
healthy cerebrospinal fluid and Parkinson’s disease samples. Four of the 19 analytes were Nacetylated amino acids and LeWitt et al discovered 3-hydroxykynurenine concentration was
increased by one-third and oxidized glutathione was decreased by 40% in Parkinson’s disease
samples.10
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3.2.2

Paper Spray
Paper spray is an ambient ionization method that electrosprays solvent to produce gas-

phase ions from a few microliters of sample deposited onto paper or other porous medium by
applying a high voltage.11 Paper spray is sensitive, versatile and quantitative in the analysis of
small and large molecules and compounds can be detected directly from whole biofluids without
sample preparation. Sunitinib and nicotine have been detected in whole blood in total analysis
times of seconds with limits of quantitation of 1ng/ml.12 Paper spray has been used in point-ofcare analysis of drugs with fast chemical screening at high sensitivity.13 Reactive paper spray
derivatizes the analyte of interest during ionization by doping in reagents to react with the target
molecule to improve ionization efficiency.14

3.2.3

Inductive Electrospray Ionization
Inductive electrospray ionization is similar to traditional electrospray ionization with two

major differences. There is no physical contact between the electrode and spray solvent and the
voltage is applied inductively.15 The second difference is that there are pulses of a monopolar
applied potential resulting in positively charged droplets as the potential is turned on and
negatively charged droplets as the potential is turned off.16 These pulses of monopolar applied
potential gives this technique a remarkable tolerance to matrix and to salt effects preventing the
emitter from clogging and allows for rapid successive measurements in both positive and
negative ion mode.17

3.3

3.3.1

Experimental

Chemicals
Methanol was purchased from Avantor Performance Materials (Center Valley, PA, USA)

and acetic acid from Mallinckrodt Baker Inc. (Phillipsburg, NJ, USA). Amino acid standards and
other chemical standards were purchased from Sigma Aldrich (St. Louis, MO, USA).
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3.3.2

Cerebrospinal Fluid
The recipe for artificial cerebrospinal fluid (ACSF) was adapted from Cold Spring

Harbor Protocols recipe for ACSF. The following compounds were added in water to a total
concentration of 119mM NaCl, 26.2mM NaHCO3, 2.5mM KCl, 1mM NaH2PO4, 1.3mM MgCl2,
10mM glucose, and 2.5mM CaCl2. Pooled cerebrospinal fluid was purchased online. A third
cerebrospinal fluid sample (JWA) was donated.

3.3.3

Instrumental Parameters
All experiments were performed using a TSQ Quantum Access Max triple quadrupole

mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). Paper spray analysis in the
positive ion mode was performed with a 3.5 kV spray voltage and -3.0kV in the negative ion
mode. The spray voltages used for nESI were 2.5 kV in positive ion mode and -2.0kV in
negative ion mode. For inductive ESI an external power supply was used. Each MRM was
scanned for 0.10 seconds using a 0.7 Da isolation window and optimized values for collision
energy (CE) and tube lens (TL) voltages (Table B-1 & B-2) and a capillary temperature of
300°C. Ten scans per MRM were summed to obtain the final intensity value of each MRM. For
method optimization evaluation, five repetitions of blanks (ACSF with no analytes added) and of
samples are obtained for each ionization method. For data processing, the ion intensities of each
transition for the blanks and for the samples are being plotted in an Excel spreadsheet and
compared by t-test (p<0.05 considered significant).

3.3.4

Paper Spray
Whatman 1 paper was cut into small isosceles triangles. The paper was loaded 2 uL of

ACSF sample and dried, then eluted with 17uL of 95/5/0.01 Methanol/Water/Acetic Acid in
positive ion mode and 95/5/0.01 MeOH:H2O in negative ion mode.

3.3.5

Inductive nanoElectrospray Ionization
A home-built power supply provided a positive pulsed output of 2000 Hz and 860 V

which was supplied to an electrode that surrounded the nESI emitter but did not make physical
contact. Strong electric fields were produced in the solution inside the emitter and gave rise to
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bursts of droplets. This procedure resulted in the pulsed emission of charged analytes from the
reaction solution at a controlled pulse rate. The spray was directed towards the inlet of the MS
which was 5 mm from the capillary tip.

3.4

3.4.1

Results and Discussion

Development of MRM
A methodology was developed to detect diverse compounds in artificial cerebrospinal

fluid (ACSF) at physiological concentrations using paper spray ionization. ACSF was doped
with 36 representative metabolites and small molecules at physiological concentrations (Table B3 & B-4). The MRM transitions and qualifier fragmentation ion were optimized based on
standards in methanol ionized by nESI. A total of 36 different metabolites were added to the
ACSF at physiological concentrations and 10 times physiological concentrations. At 10 times the
physicological concentration nESI detected 26 of the 36 analytes with a signal to noise ratio
greater than 3 and paper spray detected 24 of the 36 analytes. At physicological concentrations
nESI detected 16 of the 36 analytes and paperspray detected 14 of the 36 analytes (Figure 3-2).
The full scan of positive ion mode and selected MS/MS are displayed in Figure 3-1.

Figure 3-1: Full scan of positive ion mode of ACSF and MS/MS of selected metabolites
Full positive ion mode paper spray mass spectrum (left) and MS/MS of selected metabolites
(right) in ACSF. Detection of (1) lysine and (2) histidine was confirmed by MS/MS analysis. In
the negative ion mode, MS/MS of (3) dicarboxylic acid (succinic acid) and (4) hydroxybutyrates
were acquired.
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Figure 3-2: MRM of ACSF
Absolute ion intensities obtained for transitions monitoring phenylalanine, valine,
leucine/isoleucine, tyrosine, tryptophan and succinic acid in ACSF blank and ACSF samples (3
repetitions of each) with these metabolites added at physiological concentrations. Average
absolute ion count for 5 repetitions is summarized in the table at the bottom of the figure.

3.4.2

Reactive Paper Spray
Reactive ambient ionization increases the ionization effeciency of desired analytes by

doping reagents into the analysis solvent to react with the desired analytes in the charged
microdroplets. Reactive paper spray was used to increase the ionization efficiency of analytes by
derivatizing the analytes in cerebrospinal fluid. Four different functional groups (amines,
aldehydes and ketones, alcohol and phenol) commonly found in biological compounds were
targeted for derivatization. Reactions previously using in reactive DESI were applied to paper
spray. The ionization efficiency of amino acids were increased by reacting the amine with
acetone to form a Schiff base (Figure 3-3). The paper was spotted with 2µL of 180µM
phenylalanine and then 20uL of acetone was added and the voltage was applied (Figure 3-4). The
ionization efficienty of aldehydes and ketones was increased by reacting the aldehydes and
ketones with Girard’s T reagent via an addition reaction to form a carbinolamine derivative
(Figure 3-5). The paper triangle was spotted with 3ug of cortisone and then 20uL of 16mM
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Girard T reagent in 95:5:5 methanol:water:acetic acid was added and the voltage was applied
(Figure 3-6). To increase the ionization of alcohols in the positive ion mode the alchols were
reacted with betaine aldehyde. The secondary alcohol of the target molecule reacts via
nucleophilic addition with the aldehyde in betaine aldehyde to form a hemiacetal creating a
permanently charged derivative. Cholesterol (2ug) was spotted on the paper triangle and 20uL of
130ppm betaine aldehyde in 8:3:1 acetonitrile:water:dimethylformamaide was added and the
voltage was applied (Figure 3-7). The ionization efficiency of phenols was increased by
complexing with iron (III) nitrate. The paper triangle was spotted with 1µL of 100ppm benzoic
acid and 20uL of 0.1mM of iron(III) nitrate nonahydrate in methanol:water 1:1 was added and
the voltage was applied (Figure 3-8).

Figure 3-3: Reaction scheme of phenylalanine and acetone to form a Schiff base.
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Figure 3-4: Full scan position ion mode mass spectra of the reaction of phenylalanine and
acetone to form a Schiff base.

Figure 3-5: Reaction scheme of cortisone and Girard T reagent to form a carbinolamine
derivative.
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Figure 3-6: Full scan position ion mode mass spectra of the reaction of cortisone and Girard T
reagent to form a carbinolamine derivative.

Figure 3-7: Full scan position ion mode mass spectra of the reaction of cholesterol with betaine
aldehyde
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Figure 3-8: Full scan position ion mode mass spectra of the reaction of benzoic acid and iron(III)
nitrate

3.4.3

Inductive nESI
Due to the high salt content of cerebrospinal fluid a technique was needed for the

removal of the salt. Zip tips were tested, however provided little improvement. Inductive nESI
was utilized to prevent the clogging of the nESI tip to allow for continuous analysis. The five
replicates of the ACSF were considered as the blank and used to calculate the signal to noise
ratios of the cerebrospinal fluid samples. In the purchased pooled cerebrospinal fluid 16 out of 22
analytes were detected by the MRM methodology with a signal to noise ratio greater than 3. In
the donated cerebrospinal fluid sample 17 out of the 22 analytes were detected with a signal to
noise ratio greater than 3. A comparison of the full scan positive ion mode mass spectra of the
three different cerebrospinal fluids are in Figure 3-9 and the comparision of the MRM
metabolites of the three different cerebrospinal fluids are in Table 3-1.
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Figure 3-9: Full scan mass spectra of inductive nESI of cerebrospinal fluid
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Table 3-1: Comparison of cerebrospinal fluid metabolites
average
ratio pooled ratio
average
pooled
average
human/ACSF JWA/ACSF
ACSF blank human CSF JWA CSF
blank
blank
glycine
6.7
10.2
69.1
1.5
10.3
alanine
95.3
1115.1
850.6
11.7
8.9
4‐ABA
282.5
28381.1
4367.8
100.5
15.5
serine
16.0
421.7
234.3
26.4
14.7
proline
648.2
1782.3
1792.2
2.7
2.8
valine
44.3
1678.4
1102.3
37.9
24.9
threonine
7.8
43.5
12.0
5.6
1.5
urea
12442.3
7460.4
10264.9
0.6
0.8
creatine
6.7
6231.0
4807.5
935.2
721.6
(iso)leucine
18.2
3297.2
1838.2
181.3
101.1
ornithine+asparagine
520.8
1450.9
1704.2
2.8
3.3
glutamine
18.3
527.1
983.1
28.8
53.8
lysine
44.9
6621.5
10348.4
147.5
230.5
methionine
3.3
59.6
48.0
18.1
14.6
acetaminophen
32.2
386.4
2373.9
12.0
73.8
histidine
229.2
5314.9
2791.9
23.2
12.2
phenylalanine
18.1
1976.2
1034.6
109.0
57.1
arginine
13.1
8341.0
3140.4
635.5
239.3
tyrosine
10.8
725.0
326.2
67.4
30.3
mannitol
893.3
754.0
1448.1
0.8
1.6
glucose
2887091.2
5734846.0
1868493.0
2.0
0.6
tryptophan
9.8
89.0
88.8
9.1
9.1

42
3.5

Conclusions
These preliminary experiments showed that cerebrospinal fluid can be analyzed via

ambient ionization mass spectrometry. A MRM methodology was developed to quickly screen
and confirm the targeted analytes. Reactive paper spray was proven as a useful technique for
derivatizing target analytes preventing the need for chromatography for low abundance
compounds and those that suffer from matrix effects. The high salt content of cerebrospinal fluid
was mitigated by using inductive nESI. This preliminary research was built upon for future
publications using ambient ionization and MRM for biomarker search in cerebrospinal fluid.
Prospective biomarkers were sought using robust multivariate statistical screening of data for a
large sample cohort. The long-term goal is to provide characteristic features of Parkinson’s
disease in cerebrospinal fluid to assist in early Parkinson’s disease diagnosis.
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CHAPTER 4.
PREPARATIVE ELECTROSPRAY FOR ROUTE
PREDICTION AND OPTIMIZATION OF ATROPINE SYNTHESIS IN
MICROFLUIDICS

4.1

Abstract
Preparative electrospray (ES) exploits the acceleration of reactions in charged

microdroplets to perform small scale chemical synthesis and constitutes a rapid screening tool to
select reagents to generate specific products. Successful reaction in preparative ES triggers a
refined microfluidic reaction screening procedure which includes optimization for stoichiometry,
temperature and residence time. Synthesis pathways to produce atropine were screened utilizing
this methodology. Four pathways and 15 solvents were screened in preparative ES for synthesis
of the phenylacetyl ester intermediate. This was the first publication of the synthetic route to the
phenylacetyl ester intermediate utilizing tropine and phenylacetyl chloride without the addition of
an acid. In preparative ES, this pathway yielded 55% conversion to intermediate and in
microfluidics, 89% conversion. For the second step of the atropine synthesis, preparative ES
screened 22 bases to increase atropine yield, increase percent conversion and to reduce byproducts.
Seven bases yielded atropine with the base 1,5-diazabicyclo[4.3.0]non-5-ene producing the
highest amount of atropine with the smallest amount of byproducts. This was the first publication
using the base 1,5-diazabicyclo[4.3.0]non-5-ene in the synthetic route to atropine. In preparative
ES, this pathway yielded 47% conversion to atropine and 30% yield in two discrete steps in
microfluidics. This is the first in depth study utilizing telescoped preparative ES and using
preparative ES guiding microfluidics.

4.2
4.2.1

Introduction
Preparative Electrospray
In preparative electrospray, accelerated chemical reactions occur in charged microdroplets,

reducing reaction times.1 Accelerated reactions in microdroplets have been studied using
desorption electrospray ionization (DESI),2-4 nanoDESI,5 paper spray6 and electrospray ionization
(ESI)6 as well as in levitated form.7 These reactions have been employed to derivatize analytes for
improved MS analysis,1 in mechanistic studies,8-11 to identify reaction intermediates3,12,13 and to
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perform microscale synthesis.14,15 Accelerated droplet reactions can be monitored by on-line MS
analysis and they can be used to prepare milligram quantities of material in minutes.14 In
preparative ES a reaction mixture is optimized for product formation by on-line MS analysis then
electrosprayed off-line onto a collector surface. The material deposited is subsequently analyzed
by extraction with solvent and off-line chemical analysis.

4.2.2

Atropine
Atropine is traditionally manufactured industrially by natural product extraction.16

Atropine, the natural tropane alkaloid, exists as a racemic mixture of D-hyoscyamine and Lhyoscyamine and has both anticholinergic and antiparasympathetic properties.17 The drug is
included in the WHO list of essential medicines and the U.S Food and Drug Administration (FDA)
has reported it to be among drugs which were in short supply during 2011-2014.18 The total
synthesis of atropine has previously been published using a batch process19-21 and more recently
using continuous flow.18 This previous continuous flow process required multiple steps of
purification by liquid-liquid extraction due to a variety of byproducts and this reduced the overall
yield of atropine.18,22

4.2.3

Microfluidics
Key advantages of continuous flow are enhanced mass transfer, controlled flow, ease of

integration, precise control of reaction temperature and reaction time, as well as high efficiency
and safety.23,24 Generally, reaction optimization and screening require significant investments in
time and material.25,26 Microreactors, used in conjunction with on-line nESI-MS analysis, speed
up reaction optimization27 and lower costs due to low material requirements and reduced waste
generation.28,29 The reduced channel widths, together with the exceptional mass-and heat-transfer
capacity of these reactors, are responsible for decreasing reaction times.30 With these advantages,
continuous flow processes will emerge as an important technique for API synthesis.31,32
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4.3

4.3.1

Experimental

Chemicals

All chemicals and solvent were purchased from Sigma-Aldrich (St. Louis, Missouri) and used
without any purification. pH = 10 buffer was purchased from Macron (Avantor Performance
Materials,Center Valley, PA)

4.3.2

Mass Spectrometry
Samples were analyzed using a Thermo LTQ linear ion trap mass spectrometer

(ThermoFisher Scientific, San Jose, CA, USA). NanoESI analysis in both positive and negative
ion mode was performed using a 2.0 kV spray voltage. Other experimental parameters were:
capillary temperature: 200C; tube lens (V): -85 V; capillary voltage: -20 V for positive ion mode
and tube lens (V): 85 V; capillary voltage: 20V for negative ion mode. Tandem mass spectrometry
was performed using an isolation window of 1.5 (m/z units) and 25% collision energy. The spectra
were acquired with automatic gain control while averaging 3 micro-scans for each spectrum.
Samples were prepared for nanoESI by diluting 100-fold in acetonitrile.

4.3.3

Preparative Electrospray
A homebuilt electrospray source was enclosed in a polypropylene tube (15mL Falcon tube)

with a small piece of glass wool for deposition. The reaction mixture was pumped through fused
silica capillary at a rate of 10uL/min and a high voltage of 5kV is applied through the stainless
steel needle of the 250uL Hamilton gastight syringe. A nitrogen sheath gas was used at 100psi.
The sprayed droplets were collected on the glass wool and washed with a solvent for analysis by
nanoESI or to be telescoped for the next step in the reaction.

4.3.4

Synthesis of Intermediates in Preparative ES
For the synthesis of intermediate 4, 0.1mmoles of solid tropine 2 and 0.1mmoles of phenyl

acetic acid or phenylacetyl chloride 5 were added to 100uL of aqueous 3M HCl or 100uL of 4M
HCl in dioxane and sprayed for 5 minutes. For the synthesis of intermediate 4, 0.1mmoles of solid
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tropine 2 and 0.1mmoles of phenyl acetic acid or phenylacetyl chloride 5 were added to 100uL of
solvent and sprayed for 5 minutes. All deposited products were washed with 500uL ACN and
analyzed via nanoESI-MS.

4.3.5

Synthesis of Atropine in Preparative ES
The first step product of the atropine synthesis was generated by preparative ES spraying

200uL 1:1 0.5M tropine in DMA: 0.5M phenylacetyl chloride in DMA and then washing the
deposited product from the glass wool with 500uL DMA. The second step of the atropine synthesis
was performed by spraying 50uL of the following solution: 10uL Step 1 product, 30uL 36-37%
formaldehyde solution in water and 30uL 1M base in DMA. The sample on the glass wool was
quenched with 500uL water and the product was extracted with 100uL DCM. The preparative ESI
product was analyzed via nanoESI.

4.3.6

Microfluidics
All microfluidic syntheses were performed using a Labtrix S1 (Chemtrix, Ltd.,

Netherlands). A home built Peltier-controlled system coupled with the Chemtrix microfluidic
platform allowed for multi-step reactions to be performed with control over the temperature in
each chip.

4.3.7

Formaldehyde Extracts and Quantitative NMR Analysis
Formaldehyde extracts were made by adding solvent to the 36-38% aqueous formaldehyde

solution and shaking the vial. The solutions were extracted overnight at room temperature. The
quantitative NMRs were made with 10uL of 0.6M p-dinitrobenzene and 1uL of sample in 489uL
of CDCl3. The ratio of the internal standard peak (8.43ppm) to the formaldehyde peak (9.73ppm)
were used to calculate the concentration of the formaldehyde extracts. 1H-NMR spectra were
acquired using a Bruker AV-III-500-HD NMR spectrometer (Billerica, Massachusetts, USA) and
the NMR data was analyzed using MestReNova 10.0 software.
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4.4

4.4.1

Results and Discussion

Synthesis of Intermediate Ester 4 by Preparative Electrospray
Multiple reaction pathways for the synthesis of atropine (1) were explored using

preparative ES with off-line product collection (Figure 4.1). Four synthetic routes (Figure 4.2)
were screened by preparative ES for formation of the atropine intermediate 4. The first pathway
(Figure 4.2 a) explored the use of tropine 2, phenyl acetic acid 3 and HCl in both water and in
dioxane. The use of aqueous HCl yielded no observable intermediate 4 in the full scan MS,
however the presence of product in low abundance was evident from the MS/MS spectrum
recorded for ions of m/z 260, of the value corresponding to the protonated intermediate. The use
of HCl in dioxane yielded a low but measurable signal for intermediate 4 in the full scan MS with
a conversion of 1.4%. A solvent screen was conducted for the second pathway (Figure 4.2 b), a
derivative of the first pathway with the eliminated of an acid, using the solvents acetonitrile (ACN),
dichloromethane (DCM), dimethylacetamide (DMA), dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), ethanol, methanol, tetrahydrofuran (THF), and toluene. The second pathway
did not yield intermediate 4 in the full scan MS in any solvent. The third pathway (Figure 4.2 c),
used tropine 2, phenylacetyl chloride 5 and HCl in dioxane and yielded 4 in 30 % conversion
(Figure 4.3 a). The fourth pathway (Figure 4.2 d) is a derivative of the third pathway with the
elimination of the use of acid, with only tropine 2 and phenylacetyl chloride 5 in the solvent. A
solvent screen using the nine previously used solvents was conducted for this pathway to
esterification of tropine 2 with phenylacetyl chloride 5. The intermediate 4 was produced in four
solvents: DMA, DMF, ethanol and methanol (Appendix 2). The solvent with the highest percent
conversion of 55% was DMA (Figure 4.3 b). The fourth pathway to the synthesis of intermediate
4 has not been published in bulk and was first described by the author using this methodology.54
The conversion varied in different permutations of the pathway with the finding that
tropine 2 and phenylacetyl chloride 5 in DMA produced the highest conversion of the four
pathways. This was a promising pathway to carry forward to microfluidics testing. Because
solvents ethanol and methanol are expected to lead to aldol condensation byproducts, only DMA
and DMF were examined in microfluidics. The latter route eliminates the step of producing the
tropine salt using hydrochloric acid and both routes have similar conversions to intermediate 4.
The two best pathways (Figure 4.2 c and d) and solvents, DMA and DMF, for the synthesis of the

49
intermediate ester 4 in preparative ES were examined in microfluidics. The pathway with tropine
2 and phenylacetyl chloride 5 in DMA gave 89% conversion of intermediate 4 in microfluidics.
Preparative ES and microfluidics data both show that the highest conversion pathway to the
production of intermediate 4 was tropine 2 and phenylacetyl chloride 5 in DMA.

Figure 4-1 Preparative ES diagram
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Figure 4-2 Routes to intermediate 4
Preparative ES High voltage is applied to the dissolved reaction mixture in a syringe and
nitrogen assists in nebulizing the solution. Spray droplets containing product and unconverted
reagent are deposited on glass wool for analysis.
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Figure 4-3 Mass spectra of ES deposited material
a) Full scan positive ion mode spectrum of deposited material from preparative ES reaction of
tropine 2, phenylacetyl chloride 5 and HCl in dioxane yielding intermediate 4 (30% conversion).
b) Full scan positive ion mode spectrum of the deposited material from the preparative ES
reaction of tropine 2, and phenylacetyl chloride 5 in DMA yielding intermediate 4 (55%
conversion).
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4.4.2

Synthesis of Atropine by Preparative Electrospray

Figure 4-4 Possible byproducts from second step reaction

The second step in the synthesis of atropine is a base-catalyzed aldol condensation with the
addition of formaldehyde and base to the intermediate 4. The crude product from the preparative
ES reaction of tropine 2 and phenylaceyl chloride 5 in DMA, was telescoped with aqueous
formaldehyde (37%) and 1M base in DMA to form atropine. Twenty-two bases were screened in
preparative ES to determine which base yielded the highest conversion to atropine with the least
amount of byproduct (Table 4-1). This methodology allowed quick screening of different bases to
determine which yielded the highest conversion to atropine and simultaneously allowed
examination of the byproducts produced by each base. Of the 22 bases screened, seven showed
conversions to atropine of more than 5%. The percent conversion included accounting for
byproducts previously identified in the continuous flow synthesis by aldol condensation of
atropine and aqueous formaldehyde in both sodium hydroxide and pH 10 buffer and a new
byproduct, 7, arose by Michael addition of methanol present in the base as well as in formaldehyde
solutions. Seven bases successfully produced atropine, therefore, the best bases for the aldol
condensation were judged by both high conversion to atropine and low conversion to byproducts.
The bases 1,8-diazabicyclo[5.4.0]undec-7-ene, potassium ethoxide, potassium methoxide, sodium
ethoxide, sodium hydroxide and sodium methoxide had a higher percent conversion of apoatropine
6, the E1 elimination byproduct, than atropine. The base 1,5-diazabicyclo[4.3.0]non-5-ene was the
screened base with the highest conversion of 47.4% to atropine, moreover it was the only base
with only nominal production of byproducts. The preparative ES data therefore indicate that the
best base for the synthesis of atropine in microfluidics is likely to be 1,5-diazabicyclo[4.3.0]non-
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5-ene. In microfluidics, nine bases were screened, which encompassed both successful and
unsuccessful reactions in preparative ES. The highest conversion to atropine occurred using the
base 1,5-diazabicyclo[4.3.0]non-5-ene with a percent conversion of 44% and a percent yield by
NMR of 30%. The maximum atropine yield measured quantitatively by NMR was 30 %.

Table 4-1: Percent conversion of the second step base screen in preparative ES
4

6

1

7

8

Base

m/z 260

m/z 272

m/z 290

m/z 304

m/z 320

ammonia

98.8%

<1%

<1%

<1%

<1%

dabco

99.2%

<1%

<1%

<1%

<1%

1,5-diazabicyclo[4.3.0]non-5-ene

38.9%

11.4%

47.4%

<1%

2.2%

1,8-diazabicyclo[5.4.0]undec-7-ene

40.7%

16.0%

15.0%

13.7%

14.6%

diethylamine

99.8%

<1%

<1%

<1%

<1%

N,N-diisopropylethylamine

99.8%

<1%

<1%

<1%

<1%

diisopropylmethylamine

Not Soluble

4-(dimethylamino)pyridine

79.8%

11.1%

2.1%

3.1%

3.9%

2,6-lutidine

95.6%

1.6%

1.2%

<1%

<1%

pH 10 buffer

96.6%

1.3%

1.6%

<1%

<1%

piperidine

87.4%

4.2%

<1%

2.1%

5.6%

potassium ethoxide

10.7%

64.7%

15.7%

1.1%

7.8%

potassium methoxide

15.3%

45.1%

7.6%

<1%

31.1%

potassium tert-butoxide

Not Soluble

sodium ethoxide

12.1%

66.1%

16.4%

<1%

5.2%

sodium hydroxide

42.8%

40.3%

15.4%

<1%

1.4%

sodium methoxide

20.6%

66.3%

9.9%

1.8%

1.4%

5.1%

19.0%

16.6%

48.6%

10.7%

4.2%

9.5%

1.1%

1.8%

83.4%

<1%

<1%

<1%

<1%

sodium tert-butoxide
tetrabutylammonium hydroxide
tetramethylammonium hydroxide
1,5,7-triazabicyclo[4.4.0]dec-5-ene
triethylamine

Not Soluble

Not Soluble
99.8%

The reaction forms byproducts in the presence of water, therefore to decrease the percent
conversion to byproducts and to increase the percent conversion to atropine extracts of
formaldehyde were made in chloroform, dichloromethane and ethyl acetate. The concentration of
formaldehyde in the extracts were determined by quantitative NMR to be 0.42M in chloroform,
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0.55M in dichloromethane, and 0.73M in ethyl acetate. Atropine was formed using all three of
these solvents. Unfortunately, the concentration of formaldehyde used in the previous experiments
was 11.2M so the results cannot be compared to the previous experiments. When the concentration
of formaldehyde in the aqueous formaldehyde was lowered, the formaldehyde extracts produced
a higher percent conversion to atropine with less percent conversion to byproducts. Due to time
restraints, the formaldehyde extracts were not explored in microfluidics.

4.4.3

Comparison of Preparative ES and Microfluidics
Preparative ES successfully predicted the reaction pathway, solvent and base with the

highest percent conversion in microfluidics, however there were noticeable differences between
the results of the two techniques in both conversion to products and in production of byproducts.
The conversion from starting material to product was higher in microfluidics than in preparative
ES. This can be attributed to the larger scale, the longer time scale, the greater ability to control
reactions in microfluidics and the use of elevated temperatures. Elevated temperatures have been
used for preparative ES experiments but the successful synthesis of the intermediate at room
temperature showed that heat was unnecessary for the binary reaction screen. Another
differentiating factor is the open atmosphere in preparative ES. In microfluidics, the reaction
occurs in a closed pressurized system which limits interfaces to glass/solution interfaces unlike
the air/solution interfaces in preparative ES. A third factor affecting the difference in conversion
is the vapor pressure of both the reagents and solvents. Reaction acceleration in preparative ESI
relies heavily on solvent evaporation from the charged droplets. Volatile reagents may leave the
droplets rather than remain in the highly reactive interfacial positions on its surface.
There were differences in the formation of byproducts for the second step of the atropine
synthesis in preparative ES and microfluidics. Both techniques produced the E1 eliminated
byproduct, 6, however in preparative ES, 7 was not produced and conversion to byproduct 8
occurred to give more than 5% conversion in every successful base with the exception of 1,5diazabicyclo[4.3.0]non-5-ene, sodium hydroxide and sodium methoxide. Conversely, byproduct
7 was produced in microfluidics with the bases sodium methoxide, potassium methoxide and
tetramethyl ammonium hydroxide. The only bases to produce byproduct 8 with conversion
greater that 5% were sodium hydroxide and pH 10 buffer. Byproduct 8 is formed when two
formaldehyde molecules react with the intermediate 4, while byproduct 7 is the Michael addition
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product to methanol to 6 at high temperature. Byproduct 7 was not formed in preparative ES due
to the lack of heat necessary for the Michael addition.
The preparative ES methodology is faster than optimizing a reaction in microfluidics. In
preparative ES, the spray deposition required 5 minutes with an additional 1 to 2 minutes for
cleaning the setup. In microfluidics, the duration of microfluidic experiments is determined by
the residence time and the flow rate which varied in each experiment. Additionally, the duration
needed to clean the reactor is 3 times the residence time. Based on the microfluidic flowrates
used in these experiments, the preparative ES technique is faster when the residence time is
greater than 1 minute.
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Figure 4-5: Mass spectra of microfluidic and preparative ES products using three different bases.
Full scan positive ion mode spectrum of atropine produced by synthesis using a) 1,5diazabicyclo[4.3.0]non-5-ene in microfluidics, b) 1,5-diazabicyclo[4.3.0]non-5-ene in
preparative ES, c) potassium methoxide in microfluidics, d) potassium methoxide in preparative
ES, e) sodium hydroxide in microfluidics, f) sodium hydroxide in preparative ES.

4.5

Conclusion
This is the first investigation of spray reactions guiding microfluidic synthesis where

preparative ES has been explicitly used for route screening, solvent screening and acid/base
screenings on a large scale. Preparative ES was used as a rapid way to discover new synthetic
pathways and this methodology led to faster optimization of microfluidic reactions by determining
and eliminating unsuccessful reaction pathways from further consideration. Pathways discovery
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to determine new and faster reactions for formulations from raw materials can improve the current
manufacturing workflow in the pharmaceutical and chemical industries.
This investigation led to a highly efficient first step esterification of tropine to intermediate
without the use of tropine salt or added acid. The first step was optimized in flow utilizing the
information obtained in the charged microdroplets. The intermediate from the first step in
preparative ES was used to screen 22 unique bases for the base-catalyzed aldol condensation to
form the final product, atropine. Seven bases were shown to yield atropine and with the exception
of transient solids, all lead to the production of atropine in flow. In both preparative ES and
continuous microfluidics the base with the highest conversion and lowest conversion to byproducts
was 1,5-diazabicyclo[4.3.0]non-5-ene. In preparative ES the first step conversion to intermediate
4 of 55% and the second step yielded atropine in 47% conversion, with an overall conversion of
26%. In flow, the atropine yield was 30% by NMR (44% conversion by nanoESI-MS). The
correlation of the data between preparative ES and microfluidics provides evidence that
accelerated reactions in droplets can guide microfluidics.
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CHAPTER 5.

5.1

REACTIVE EXTRACTIVE ELECTROSPRAY

Abstract
The technique reactive extractive electrospray (EES) was developed for both multistep

online and offline synthesis and is the first dual emitter technique for multistep synthesis. The
dual emitter technique is ideal for multistep synthesis, immiscible reagents and immiscible
mixed solvent systems. Two electrospray emitters are placed at a shallow angle (<22.50)
allowing for the reaction to occur in droplets before and after the intersection and mixing of the
spray plumes. For the two-step atropine synthesis, the reagents for the first step (tropine and
phenyl acetyl chloride) were sprayed from the emitter forming the intermediate prior to the
intersection of the spray plume from the second ESI emitter containing the reagents for the
second step (base and formaldehyde) of the reaction forming atropine. The charge dependence of
the single step Claisen-Schmidt base catalyzed condensation was explored by manipulating the
voltage and polarity on each ES emitter. The multistep Hantzsch pyridine synthesis was
accelerated by reactive EES both online and offline.

5.2
5.2.1

Introduction
Multi-Emitter Techniques
Extractive electrospray ionization (EESI) is an alternative spray ionization technique that

utilizes two ESI emitters to allow collisions between droplets from two separate streams. One
emitter nebulizes the sample and the other produces charged microdroplets of solvent.1-8 Liquidliquid extraction of analytes from the sample during microdroplet collisions leads to extraction of
analyte into a solvent that is amenable to on-line mass spectrometric analysis. As used here, the
second spray contains a reagent which can react with the intermediate products of the first sprayer
to yield the desired final product. Note that a technique similar to EESI, droplet fusion, uses two
separate ESI emitters to collide microdroplet reagents to form fused droplets containing both
reagents. The reagents mix in the fused droplets and the reaction proceeds. Microdroplet fusion
has been used to study the kinetics of phenolindophenol reduction by ascorbic acid, acid-induced
cytochrome c unfolding, and HDX in bradykinin.9 In a third multi ESI emitter technique,
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multichannel rotating electrospray ionization, ESI emitters nebulize volatile reagents that induce
reactions in the gas phase and the resulting products are extracted by droplets from another ESI
emitter.10

5.2.2

Previously Accelerated Reactions
Multiple reactions have previously been accelerated in the single emitter methodology. The

atropine synthesis was accelerated in Chapter 4.11 The Claisen-Schmidt base catalyzed
condensation by reactive paper spray was first described by Bain et. al. They explored the effect
of different substituent groups on para-substituted benzaldehyde on the reaction kinetics and
implemented reactive paper spray both online and offline.12 The Hantzsch pyridine synthesis was
accelerated in charged droplets using ammonium acetate, benzaldehyde and ethyl acetoacetate.
This multistep synthesis explored how the distance from the ES emitter to the mass spectrometer
shifted the analytes in the mass spectrum, giving insight to the reaction progress as a function of
reaction time. At close distances (4cm) to the mass spectrometer inlet, the spectra only included
the starting material ethyl acetoacetate and its ammonia adduct. At 55cm the knovenangle
condensation intermediate was formed. At distance of 70cm the 1,4-dihydropyridine and the final
product, dehydrogentation of the 1,4-dihydropyridine, began to form. The final product was only
formed in greater abundance that the 1,4-dihydropyridine at a distance greater than 70cm when the
inlet capillary temperature was increased to 350C. The distance dependence of the Hantzsch
pyridine was explored offline and the final product was not formed despite heating both the ES
and the deposition surface.13

5.3
5.3.1

Experimental
Chemicals
All chemicals and solvent were purchased from Sigma-Aldrich (St. Louis, Missouri).

5.3.2

Mass Spectrometry
Samples were analyzed using a Thermo LTQ linear ion trap mass spectrometer

(ThermoFisher Scientific, San Jose, CA, USA). NanoESI analysis in both positive and negative
ion mode was performed using a 2.0 kV spray voltage. Other experimental parameters were:
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capillary temperature: 200C; tube lens (V): -85 V; capillary voltage: -20 V for positive ion mode
and tube lens (V): 85 V; capillary voltage: 20V for negative ion mode. Tandem mass spectrometry
was performed using an isolation window of 1.5 (m/z units) and 25% collision energy. The spectra
were acquired with automatic gain control while averaging 3 micro-scans for each spectrum.
Samples were prepared for nanoESI by diluting 100-fold in acetonitrile.

5.3.3

Preparative Electrospray
A homebuilt electrospray source was enclosed in a polypropylene tube (15mL Falcon tube)

with a small piece of glass wool for deposition. The reaction mixture was pumped through fused
silica capillary at a rate of 10uL/min and a high voltage of 5kV is applied through the stainlesssteel needle of the 250uL Hamilton gastight syringe. A nitrogen sheath gas was used at 100psi.
The sprayed droplets were collected on the glass wool and washed with a solvent for analysis by
nESI. The charged droplets were heated by spray trough a 20cm heated tube or deposited onto
aluminum foil covering a hot plate.

5.3.4

Preparative Reactive EES
Two homebuilt electrospray sources were angled at 22.5o with the intersection of the spray

plumes occurring at 4 cm. The deposition surface of glass wool in a polypropylene tube was placed
at varying distances from the intersection. Each ES emitter was connected to two syringes via
tubing and mixed in line with a mixing T. Each syringe had a flow rate of 5uL/min with a total
flow rate of 10uL/min for each ES emitter. The high voltage was applied through a platinum
electrode in a T junction. A nitrogen sheath gas was used at 100psi. The sprayed droplets were
collected on the gas wool or aluminum foil on a hot plate and washed with a solvent for analysis
by nESI.

5.3.5

Synthesis of Atropine
The first ES emitter sprayed the step 1 reagents to form the intermediate and the first

syringe contained 0.1M tropine in DMA and the second syringe contained 0.1M phenylacetyl
chloride in DMA. The second ES emitter sprayed the second step reagents and the first syringe
contained 1M 1,5-diazabicyclo[4.3.0] in DMA and the second syringe contained 36-37%
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formaldehyde solution in water. External power supplies applied potential of 5kV to both ES
emitters and a total of 100uL of each reagent was sprayed for 20 minutes. The glass wool was
quenched with 2mL water and the product was extracted with 100uL DCM. For analysis by
nanoESI, 10uL of the DCM extract was diluted in 90uL of ACN.

5.3.6

Synthesis of Claisen-Schmidt Base Catalyzed Condensation in Preparative EES
The first ES emitter sprayed 0.1M 6-hydroxy-1-indanone and 1.8M KOH in methanol and

the second ES emitter sprayed 0.1M 2-methoxybenzaldehyde in methanol. The syringe flow rate
was 5uL/min and the nitrogen gas flow rate was 100psi for both ES emitters. External power
supplies applied potential from -5kV to 5kV. The system was sprayed for 20 minutes for a total of
200uL of sample. The aluminum foil deposition surface was washed with 1mL of acetonitrile for
analysis by nESI.

5.3.7

Synthesis of Hantzsch Pyridine Synthesis in Bulk
A solvent screen was conducted for the Hantzsch pyridine synthesis. The following 15

solvents were screened: methanol, dmf, acetonitrile, dmso, dichloromethane, toluene, thf,
chloroform, diethyl ether, dma, water, ethanol, acetone, isopropyl, hexane. The enamine ester was
screened using ethyl acetoacetate (15.9uL), ammonium acetate (38.6mg) and solvent (984uL). The
knoevenagel condensation was screened using benzaldehyde (12.7uL), ethyl acetoacetate (15.9ul)
and solvent (971uL). The bulk solutions were left to react untouched for 48 hours at room
temperature. For analysis by nESI, 1uL of samples was diluted in 1mL of acetonitrile. The samples
containing enamine ester or the knoevenagel condensation from the successful bulk reactions were
mixed (100uL of each) and reacted at room temperature for 48 hours. A full Hantzsch pyridine
synthesis screened in the 4 solvents and mixed solvent systems using ethylacetoacetate (31.8uL),
benzaldehyde (12.7uL), ammonium acetate (38.6mg) and solvent (956uL).
A bulk solvent screen was conducted in microtiter plates. The reaction mixtures (100uL)
were pipetted into microtiter plates and heated at room temperature, 50C, 100C, 150C and 200C
for 18 hours. These are in accordance to previous literature on the Hantzsch pyridine synthesis.14
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5.3.8

Synthesis of Hantzsch Pyridine Synthesis in Charged Microdroplets
The Hantzsch pyridine synthesis was accelerated both online and offline using both reactive

ES and reactive EES. The solvents used were methanol, ethanol, isopropyl alcohol and water. For
both online and offline reactive ES the syringe flow rate was 10uL/min and the nitrogen gas flow
rate was 100psi. For the thick film reactions, a single ES emitter used a flow rate of 50 uL/min.
All preparative reactions were deposited onto aluminum foil heated by a hot plate. For analysis by
nESI, the aluminum foil was washed with 1mL of acetonitrile.

5.4
5.4.1

Results and Discussion
Synthesis of Atropine
The multi-step synthesis of atropine (Figure 5-1) was performed continuously using a

variant on extractive electrospray (EES) (Figure 5-2). This technique utilized two electrospray
emitters where the first ESI emitter produced the intermediate 4 and the second ESI emitter
nebulized the hydroxymethylation reagents for the second and final step of the atropine synthesis.
The reactive EES setup was optimized from the traditional EES setup. In traditional EES the angle
of intersection of the two ES emitters is 90, with some experiments using angles of 40-60 degrees.
The angle of intersection was evaluated using 22.5, 45 and 90 (Figure 5-3) and the highest
percent conversion to atropine occurred using an angle of intersection of 22.5. The angle of
intersection of 22.5 allows for more interactions of the droplets from the ES emitters. The setup
was optimized using different angles of emitters, distance of the emitters to droplet intersection
and droplet intersection to the glass wool, and applied polarities (Appendix D Figure D-1 – Figure
D-3). Higher ratios of product to intermediate occurred when the point of intersection of the plume
from both emitters and distance from the intersection to the collection surface was greater, however
there was a trade off in quantity of material deposited on the glass wool. In preparative reactive
EES, the unreacted phenylacetyl chloride reacted with the water in aqueous formaldehyde to form
the of phenyl acetic acid seen in MS as the protonated dimer [2M+H]+. This was expected as
phenylacetyl chloride is highly reactive with water. Despite this, the percent conversion to atropine
was 24% which is similar to the total conversion from both steps in the preparative ES of 26%.
Therefore, telescoped preparative EES is a viable approach to microscale synthesis with similar
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conversions to telescoped preparative ES. This reaction was not performed online due to ion
suppression of atropine and the starting reagents due to 1,5-diazabicyclo[4.3.0]non-5-ene.

Figure 5-1: Reaction scheme for the multistep synthesis of atropine
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Figure 5-2: Preparative Reactive EES
Preparative reactive EES A high voltage is applied to the solvent through a platinum electrode
and nitrogen gas assists in nebulizing the solution. The ES emitters are positioned at an angle of
22.50 and the point of intersection of the spray plumes is 4 cm from the glass wool collection
surface.
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Figure 5-3: Angle dependence of the continuous synthesis of atropine by preparative reactive
extractive electrospray
Full scan positive ion mode mass spectrum of the preparative reactive EES product from the
continuous synthesis of atropine varying only the angle of intersection of the ES emitters. The
percent conversion to atropine at 90, 45 and 22.5 were 8%, 6% and 24% respectively.
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5.4.2

Claisen-Schmidt Base Catalyzed Condensation
Preparative reactive EES was used to explore the charge dependence of single step

reactions. Traditionally the Claisen-Schmit base catalyzed condensation is performed in a single
flask. The dual emitter technique was utilized for the formation of 6-hydroxy-2-(2methoxybenzylidene)-2,3-dihydro-1H-inden-1-one by the Claisen-Schmidt reaction of 6hydroxy-1-indanone and 2-methoxy benzaldehyde in the base potassium hydroxide. The ketone
from 6-hydroxy-1-indanone forms an enolate anion that adds as a nucleophile to the carbonyl
carbon of the 2-methoxy benzaldehyde aldehyde (Figure 5-4). In the offline deposition, both the
polarity and voltages were altered on each emitter to determine the charge dependence of the
Claisen-Schmidt reaction. When the value of the voltages applied were 5kV the highest percent
conversion of 56.4% occurred when there was no voltage applied to the 6-hydroxy-1-indanone
and a positive voltage was applied to 2-methoxy benzaldehyde (Table 5-1). When potassium
hydroxide was not used in the reaction, the reaction did not occur in any voltage case.

Figure 5-4: Reaction scheme for the Claisen-Schmidt base catalyzed condensation
Reaction scheme of 6-hydroxy-1-indanone and 2-methoxy benzaldehyde with potassium
hydroxide to form 6-hydroxy-2-(2-methoxybenzylidene)-2,3-dihydro-1H-inden-1-one.
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Table 5-1: Percent Conversion of Claisen-Schmidt
Polarity
6-hydroxy-1-indanone
2-methoxybenzaldehyde
0
0
0
0
+
0
0
+
+
+
+
+

% Conversion
38.8%
31.8%
40.3%
53.8%
49.1%
56.4%
42.5%
39.5%
49.1%

The charge dependence study was examined online with reactive EES, unfortunately the
final product was not formed in any voltage case. The single emitter technique also did not work
online for the reaction when the reagents were mixed in line prior to ESI analysis. When the
reagents were premixed in the syringe, the reaction occurred leading to the belief that thin films
play a significant role in the Claisen-Schmidt base catalyzed condensation.

5.4.3

Hantzsch Pyridine Synthesis: Offline Bulk Reactions
A solvent screen was conducted for the Hantzsch pyridine synthesis in bulk. The

following 15 solvents were screened: methanol, dmf, acetonitrile, dmso, dichloromethane,
toluene, thf, chloroform, diethyl ether, dma, water, ethanol, acetone, isopropyl, hexane. The bulk
solutions reacted untouched for 48 hours at room temperature. The enamine ester was formed in
4 distinct solvents (ethanol, isopropyl alcohol, methanol and water). The knoevenagel
condensation occurred in only water and ethanol. The samples from the successful bulk reactions
of the enamine ester and knoevenagel condensation were mixed and reacted at room temperature
for 48 hours. The knoevenagel condensation product formed in water reacted with the enamine
ester in isopropyl alcohol and methanol to formed both intermediate 9 and product 10. The
knoevenagel condensation product formed in water did not form product 10 in enamine ester in
ethanol and water. The knoevenagel condensation product formed in ethanol did not produced
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product 10 in any of the enamine esters in the four solvents. Knoevenagel condensation
performed in water was determined to be the best case.
The offline bulk synthesis was further examined by combining all the starting materials
for a single flask reaction. The solvent systems examined for the single flask reactions were
ethanol, isopropyl alcohol, methanol and water because these solvents formed intermediates in
the previous offline bulk reaction experiments. Mixed solvent systems were also analyzed.
Mixed solvent systems of half ethanol and methanol, isopropyl alcohol or water and half water
and methanol or isopropyl alcohol. These 9 bulk reactions reacted at room temperature for 48
hours and were diluted by a factor of 100 in acetonitrile for analysis by nESI. The final product
10 was not formed in any case. The intermediate 9 was formed in ethanol, methanol, isopropyl
alcohol, water:ethanol and water:isopropyl alcohol.
A bulk solvent screen was conducted in microtiter plates and heated at room temperature,
50C, 100C, 150C and 200C for 18 hours. The reaction time was based on previous literature
on the Hantzsch pyridine synthesis.14 The final product 10 was not formed in any case.

Figure 5-5: Reaction scheme for the Hantzsch pyridine synthesis
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5.4.4

Hantzsch Pyridine Synthesis: Offline Preparative ES
The two initial steps of the Hantzsch pyridine synthesis were optimized separately by

preparative electrospray. Reaction mixtures of the enamine ester formation and the knoevenagel
condensation were optimized in the four solvents, ethanol, methanol, isopropyl alcohol, and
water. The reaction mixtures were sprayed by ES through a heated tube 20cm in length at room
temperature, 50C, 100C, 150C and 200C and deposited on glass wool. The extraction from
the glass wool yielded no starting materials, intermediates nor products in all cases. The heated
tube was washed with the solvent sprayed by the ESI emitter however starting reagents,
intermediates and product were not found in the wash solution.
The single emitter ES was deposited onto a deposition surface of aluminum foil heated by
a hot plate. The temperatures for deposition were room temperature, 50C and 100C. Heating
the hot plate higher than 100C resulted in no starting materials nor intermediates. The
knoevenagel condensation was examined in two solvents, water and ethanol. The enamine ester
formation was screened in four solvents, ethanol, isopropyl alcohol, methanol and water. The
deposition surface was washed in unreactive acetonitrile. Unfortunately, after 10 minutes of
deposition, neither intermediates nor products were formed in any case. The concentrations of
the reagents were increased 10 fold to 2.5M with a combined molarity of 1.25M. It should be
noted that at high concentrations benzaldehyde is immiscible in water therefore the only solvent
used for the knoevenagel condensation was ethanol. The reaction was deposited for 20 minutes
at a total combined flow rate of 10uL/min. The deposition surface was washed with 1mL of
unreactive acetonitrile. The knoevenagel condensation product and enamine ester formation were
not formed in any case.

5.4.5

Hantzsch Pyridine Synthesis: Online ESI
The first step of the Hantzsch pyridine synthesis were examined online by ESI. The

reagents were mixed inline and sprayed into the mass spectrometer with a voltage of 5kV. The
temperature of the inlet capillary was judiciously decreased from 300-200C. The enamine ester
formation was screened in four solvents, ethanol, isopropyl alcohol, methanol and water. The
intermediate was formed in all four solvents. The knoevenagel condensation was screened online
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in three solvents (ethanol, methanol, and isopropyl alcohol) however no products nor
intermediates were formed.

5.4.6

Hantzsch Pyridine Synthesis: Offline Reactive Extractive Electrospray
The goal for the reactive EESI synthesis of the Hantzsch pyridine synthesis was for one

emitter to produce the enamine ester the other emitter to produce the knoevenagel condensation
product and when the spray plume intersects and mixes the final product is formed. The
knoevenagel condensation product and the enamine ester formation were optimized separately,
however the knoevenagel condensation product was not formed. In the initial bulk solutions, no
base was added to the knoevenagel condensation, however the knoevenagel condensation
requires the use of a base for the most successful reactions. A small base screen was conducted
with potassium hydroxide, ammonium acetate and piperdine. The base that formed the highest
percent of the knoevenagel product was ammonium acetate, unfortunately this base caused the
formation of the final product intermediates.
The methodology was manipulated to adjust to this information and one ES emitter
contained the ammonium acetate and the second ES emitter contained the reagents
ethylacetoacetate and benzaldehyde. Water and ethanol were screened in the ES emitter
containing ammonium acetate and ethanol, isopropyl alcohol and methanol were screened in the
ES emitter containing benzaldehyde and ethylacetoacetate. The reaction mixture was deposited
onto a deposition surface of aluminum foil heated beneath by a hot plate. The flow rate from
each emitter was 5uL/min for a combined total liquid flow rate of 10uL/min. The temperatures
for deposition were room temperature, 50C and 100C. The preparative ES experiments with
the solvents water:methanol (Figure D-4) and water:isopropyl alcohol (Figure D-5) formed
intermediate 7. The solvents water:ethanol (Figure 5-6), ethanol:isopropyl alcohol (Figure D-6)
and ethanol:methanol (Figure D-7) formed both intermediate 7 and the final product 10. When
ethanol was used in both ES emitters the final product 10 was formed (Figure 5-7). When the
reaction mixture was deposited by a single ESI emitter, the final product 10 was not formed and
only intermediate 7 was formed (Figure 5-8). This is consistent with previously published data,
where the final product 10 was not produced offline in a single ES emitter despite depositing on
a heated surface.13 This suggests that reactions can be further accelerated in reactive EES
compared to traditional reactive ES.
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Figure 5-6: Preparative reactive EES with the solvents water and ethanol
Full scan positive ion mode mass spectrum of the preparative reactive EES product from
ammonium acetate in water and benzaldehyde and ethylacetoacetate in ethanol.
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Figure 5-7: Preparative reactive EES with the solvent ethanol
Full scan positive ion mode mass spectrum of the preparative reactive EES product from
ammonium acetate in ethanol and benzaldehyde and ethylacetoacetate in ethanol.
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Figure 5-8: Preparative ES with the solvent ethanol
Full scan positive ion mode mass spectrum of the preparative ES product from ammonium
acetate, benzaldehyde and ethylacetoacetate in ethanol.

76
5.4.7

Hantzsch Pyridine Synthesis: Online Reactive Extractive Electrospray
The dual emitter technique was utilized for the multistep Hantzsch pyridine synthesis

online utilizing water and ammonium acetate in one ES emitter and benzaldehyde and
ethylacetoacetate in ethanol in the other ES emitter. The inlet capillary temperature was
decreased from 300-200C to study the effects of temperature. The resulting mass spectra was
convoluted and did not definitely show starting materials, intermediates nor the final product.
When the syringe pumps were turned off and the nitrogen gas and spray voltage of +5Kv on both
ES emitters remained on the mass spectra changed drastically (Figure 5-9). The mass spectra
contained predominately starting material 2 and the knoevenagel condensation intermediates 4
and the enamine ester intermediate 5. At lower temperatures, there is an increase in the formation
of 5 however at higher temperatures there is an increase in the formation of 4. When the nitrogen
sheath gas and continuous flow from the syringe pumps were eliminated and the +5kV potential
was applied to both ES emitters, the mass spectra produced predominately the final product 10
(Figure 5-10). The applied voltage of +5kV to each emitter allows for the continuous
electrospray of microdroplets.
To determine if the reaction was accelerated due to the ammonia atmosphere or the
charged microdoplets, the Hantzsch pyridine synthesis was accelerated online using water
without ammonium acetate in one ES emitter and benzaldehyde and ethylacetoacetate in ethanol
in the other ES emitter. The syringe pump and nitrogen sheath gas were ceased and the applied
voltage on both ES emitters remained +5kV. A vial of ammonium acetoacetate was placed under
the intersection of the spray plumes to simulate an ammonia atmosphere. The ammonia
atmosphere produced the final product 10 however a significant number of other byproducts
were formed (Figure 5-11).
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Figure 5-9: Reactive extractive electrospray without flow from the syringe pump
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Figure 5-10: Reactive extractive electrospray without flow from the syringe pump and nitrogen
sheath gas
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Figure 5-11: Extractive electrospray with ammonia atmosphere
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5.5

Conclusion
Reactive extractive electrospray was used for the reaction acceleration of three distinct

syntheses. This technique for both online and offline synthesis is the first dual emitter technique
for multistep synthesis. This dual emitter technique is as ideal for immiscible reagents and
immiscible mixed solvent systems and can be used for single step reactions when the reaction
does not occur in a mass spectrometry amenable solvent. The use of reactive EES for the
Hantzsch pyridine synthesis eliminated the distance dependence needed for reaction acceleration
in previous literature.13 The final product 10 was formed in the dual emitter technique offline,
however only intermediate 7 was formed in the single emitter technique under the same
conditions. This lends credence that another phenomenon is occurring when the droplets
intersect that is not occurring in the single emitter technique. A possible explanation is that the
reagents are located on the outer shell of the charged droplets and at the point of intersection
between the two spray plumes there are more collisions of the charged droplets. Since the
reagents are on the outer shell the collisions of these droplets means more collisions from these
readily available reagents leading to accelerated reactions. Another possible explanation relates
to the pH of the charged droplets. The pH of charged droplets change during desolvation,
however at the point of intersection between the two spray plumes, there could be a higher pH
differential providing the ideal conditions for the Hantzsch pyridine synthesis. The online
synthesis of the Hantzsch pyridine synthesis yielded the result that when the syringe pumps and
nitrogen sheath gas were both turned off and the voltage on both ES emitters remained on, the
final product 10 was formed. The increased rate of collisions and the potential changes in pH
previously discussed are the two potential explanations for this result. There are three other
potential explanations for this phenomenon. The reaction potentially occurs in thin films and due
to the low flow rate of material entering the inlet capillary, the conditions might be ideal for
producing thin films on the walls of the inlet capillary. This reaction was not accelerated using a
dual nESI emitter technique, therefor the charged droplets produced by the reactive EES setup
could be smaller than those in nESI leading to faster desolvation and reaction acceleration. The
reaction could potentially be occurring in the gas phase and the smaller droplets from the
reactive EES setup allows for the reaction to more readily enter the gas phase. Future directions
for the Hantzsch pyridine synthesis are to continue exploring online the reaction conditions that
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were successful offline and to add an antioxidant (hydroquinone) to observe what happens when
the reaction if forced to stop reaction at intermediate 9.
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CHAPTER 6.

SUMMARY AND CONCLUSIONS

The future of metabolomics by ambient ionization is point of care analysis. Ambient
ionization requires little to no sample preparation, therefore it is ideal for rapid diagnostics in real
time. A full metabolic panel would be challenging due to the need for multiple standards and
calibration curves in the complex sample matrix of biofluids, however this technique would be
ideal for single analyte analysis. The immediate results on a portable instrument gives faster
diagnosis and faster patient treatment. This would significantly decrease the cost of running
samples in a traditional analytical laboratory and would help decrease the sample backlog.
Unlike metabolomics by ambient ionization, the future of reaction acceleration is not clear.
Fundamental studies need to be conducted to determine a definitive reason why reaction
acceleration works and the mechanism of action. Understanding the mechanism is pivotal in
exploiting the phenomenon. Understanding the mechanism would help explain why some known
bulk reactions do not accelerate in charged droplets and this information could lead to altering
the conditions so the reactions are successful. There are multiple previous studies on the distance
dependence of single ES emitter techniques for reaction acceleration. The two explanations are
that the distance allows for more desolvation or the distance gives the necessary time for the
reaction to occur. Controlling the droplet size and determining how that affects the reaction’s
progression would help explain if desolvation or a change in the reaction kinetics accounts for
the reaction acceleration.
Understanding the role of solvents in reaction acceleration is pivotal because the first step of
evaluating a reaction is a solvent screen because reaction acceleration does not occur in all
solvents for a specific reaction. Unfortunately, not all solvents are mass spectrometer amenable.
A reaction setup can be developed utilizing extractive electrospray and inductive nESI. The
reaction mixture would be sprayed from the inductive nESI emitter producing the reaction and
the extractive electrospray would analyze the reaction mixture. This allows for all solvents to be
screened because the extractive electrospray would use a mass spectrometer amenable solvent
for analysis. This keeps the analysis solvent consistent so there is direct comparison between
reaction conditions. This method is ideal because it primarily utilizes charged droplets to
eliminate the reactions accelerated by thin films. Inductive nESI is used so that the system can be
automated for high throughput. An automated high throughput system would be ideal for
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screening a large cohort of reactions to determine the scope of reaction acceleration. Reaction
acceleration can be used in the future for reaction screening of potential synthetic pathways. This
could be used as a potential tool in chemical and pharmaceutical companies to develop new
synthetic pathways that easily produce chemicals for less expensive price points. This would be a
pivotal tool in reducing the work load of organic chemists in industry.
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APPENDIX A. MOLECULAR RECOGNITION OF EMERALD ASH
BORER INFESTATION USING LEAF SPRAY MASS
SPECTROMETRY

Figure A-1: Typical leaf spray MS spectra for the ash tree PU1 in a) positive ion mode and b)
negative ion mode.
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Figure A-2: Typical leaf spray MS spectra for the ash tree PU2 in a) positive ion mode and b)
negative ion mode.

Figure A-3: Typical leaf spray MS spectra for the ash tree PU3 in a) positive ion mode and b)
negative ion mode.
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Figure A-4: Typical leaf spray MS spectra for the ash tree PU4 in a) positive ion mode and b)
negative ion mode.

Figure A-5: Typical leaf spray MS spectra for the ash tree PU5 in a) positive ion mode and b)
negative ion mode.
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Figure A-6: Typical leaf spray MS spectra for the ash tree PU6 in a) positive ion mode and b)
negative ion mode.

Figure A-7: Typical leaf spray MS spectra for the ash tree PU7 in a) positive ion mode and b)
negative ion mode.
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Figure A-8: Typical leaf spray MS spectra for the ash tree PU8 in a) positive ion mode and b)
negative ion mode.

Figure A-9: Typical leaf spray MS spectra for the ash tree PU9 in a) positive ion mode and b)
negative ion mode.
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Figure A-10: Typical leaf spray MS spectra for the ash tree PU10 in a) positive ion mode and b)
negative ion mode.

Figure A-11 Typical leaf spray MS spectra for the ash tree PU11 in a) positive ion mode and b)
negative ion mode.
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Figure A-12: Typical leaf spray MS spectra for the ash tree PU12 in a) positive ion mode and b)
negative ion mode.

Figure A-13: Typical leaf spray MS spectra for the ash tree PU13 in a) positive ion mode and b)
negative ion mode.
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Figure A-14: Typical leaf spray MS spectra for the ash tree PU14 in a) positive ion mode and b)
negative ion mode.

Figure A-15: Typical leaf spray MS spectra for the ash tree PU15 in a) positive ion mode and b)
negative ion mode.
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Figure A-16: Typical leaf spray MS spectra for the ash tree SH1 in a) positive ion mode and b)
negative ion mode.

Figure A-17: Typical leaf spray MS spectra for the ash tree SH2 in a) positive ion mode and b)
negative ion mode.
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Figure A-18: Typical leaf spray MS spectra for the ash tree SH3 in a) positive ion mode and b)
negative ion mode.

Figure A-19: Typical leaf spray MS spectra for the ash tree SH4 in a) positive ion mode and b)
negative ion mode.
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Figure A-20: Typical leaf spray MS spectra for the ash tree SH5 in a) positive ion mode and b)
negative ion mode.

Figure A-21: Typical leaf spray MS spectra for the ash tree SH6 in a) positive ion mode and b)
negative ion mode.
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Figure A-22: Typical leaf spray MS spectra for the ash tree LIN in a) positive ion mode and b)
negative ion mode.

Figure A-23: Typical leaf spray MS spectra for the ash tree HAN in a) positive ion mode and b)
negative ion mode.
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Figure A-24: Negative ion mode nESI MS spectrum of PU1 leaflet extract.

Figure A-25: Negative ion mode nESI MS spectrum of PU2 leaflet extract.
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Figure A-26: Negative ion mode nESI MS spectrum of PU8 leaflet extract.

Figure A-27: Negative ion mode nESI MS spectrum of PU14 leaflet extract.
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Figure A-28: Negative ion mode nESI MS spectrum of LIN leaflet extract.

Figure A-29: Negative ion mode nESI MS spectrum of HAN leaflet extract.
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APPENDIX B. CHEMICAL PROFILING OF CEREBROSPINAL FLUID
BY MULTIPLE REACTION MONITORING

Table B-1:Positive ion mode transitions
Compound
4-aminobutyric
acid
acetaminophen
alanine
arginine
asparagine
creatine
glucose
glutamine
glycine
histidine
leucine/isoleucine
lysine
mannitol
methionine
ornithine
phenylalanine
proline
serine
threonine
tryptophan
tyrosine
urea
valine

uM

MW

Ion

Parent m/z

Fragment m/z

Collision

Tube Lens

0.3
11
37
20
5
44
5400
444
8.2
12
19/8
28
5
6
6
18
4
42
28
10
10
4160
24

103.1
151.2
89.1
174.2
132.1
131.1
180.2
146.1
75.1
155.2
131.2
146.2
182.2
149.2
132.2
165.2
115.1
105.1
119.1
204.2
181.2
60.1
117.2

[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+Na]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[2M+H]+
[M+H]+

104.1
152
90.1
175
133.1
132
203
147
76.1
156
132.1
147.1
183
150
133.1
166
116.1
106.1
120.1
205
182
121
118.1

45.4
110.1
44.5
70.3
87.1
90.1
203
84.2
30.4
110.1
86.2
84.2
146.9
104.1
70.3
120.1
70.3
60.4
74.2
146
136.1
61.4
72.3

21
16
11
25
10
12
10
17
19
14
10
16
10
10
17
13
15
12
7
17
14
8
11

60
65
73
61
84
66
100
103
53
67
87
74
74
81
53
93
95
69
95
98
82
37
83
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Table B-2: Negative ion mode transitions
Compound
2-hydroxybutyric
acid
3-hyroxybutyric
acid
ascorbic acid
aspartic acid
citric acid
docosahexaenoic
acid
glucose
glutamic acid
lactic acid
n-acetyl aspartic
acid
succinic acid
uric acid
xanthine

uM

MW

Ion

Parent m/z

Fragment m/z

Collision

Tube Lens

35

104.1

[M-H]-

103.1

57.3

13

-60

46
164
3
176

104.1
176.1
133.1
192.1

[M-H][M-H][M-H][M-H]-

103.1
175
132.1
191

59.3
115.2
88.2
111.1

11
14
13
14

-47
-60
-42
-35

0.18
5400
33
1590

328.5
180.2
147.1
90.1

[M-H][M-H][M-H][M-H]-

327.3
179
146.1
89.1

283.3
59.3
102.3
43.2

15
19
16
10

-71
-46
-48
-46

25
29
16
5

175.1
118.1
168.1
152.1

[M-H][M-H][M-H][M-H]-

174
117.1
167
151

88.2
73.4
124.1
108.2

18
14
17
18

-42
-37
-58
-54
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Table B-3: Positive ion mode metabolites
Compound
4-aminobutyric
acid
acetaminophen
alanine
arginine
asparagine
creatine
glucose
glutamine
glycine
histidine
leucine/isoleucine
lysine
mannitol
methionine
ornithine
phenylalanine
proline
serine
threonine
tryptophan
tyrosine
urea
valine

nESI
1X Metabolites 10X Metabolites
No
No
Yes
Yes
No
Yes
Yes
Yes
No
Yes
No
Yes
No
No
Yes
No
Yes
No
No
No
No
Yes
No

No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
No
No
Yes
Yes
Yes
No
No
Yes
No
Yes
Yes

Paper Spray
1X Metabolites 10X Metabolites
No
Yes
Yes
Yes
No
Yes
Yes
No
No
Yes
Yes
Yes
No
No
Yes
No
Yes
No
No
No
No
Yes
No

No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
No
No
Yes
Yes
Yes
No
No
No
No
Yes
Yes
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Table B-4: Negative ion mode metabolites
Compound
2-hydroxybutyric
acid
3-hyroxybutyric
acid
ascorbic acid
aspartic acid
citric acid
docosahexaenoic
acid
glucose
glutamic acid
lactic acid
n-acetyl aspartic
acid
succinic acid
uric acid
xanthine

Nanospray
1X
Metabolites

10X
Metabolites

Paper Spray
1X
Metabolites

10X
Metabolites

Yes

Yes

Yes

Yes

Yes
Yes
No
Yes

Yes
Yes
Yes
Yes

Yes
Yes
No
No

Yes
Yes
No
Yes

No
Yes
Yes
No

No
Yes
Yes
No

No
Yes
No
No

No
Yes
Yes
No

No
No
Yes
No

Yes
Yes
Yes
Yes

No
No
No
No

Yes
Yes
Yes
No
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APPENDIX C. PREPARATIVE ELECTROSPRAY FOR ROUTE
PREDICTION AND OPTIMIZATION OF ATROPINE SYNTHESIS IN
MICROFLUIDICS

Figure C-1: Full scan MS of the preparative ES product of scheme 1a with HCl in water
Full scan positive ion mode mass spectrum of the preparative ES product from the first step of
the atropine synthesis with tropine, phenyl acetic acid and hydrochloric acid in water. In this
sample m/z 142 [tropine+H]+ and m/z 319 [2tropine + HCl]+ are the most abundant ions.

Figure C-2: Full scan MS of the preparative ES product of scheme 1a with HCl in dioxane
Full scan positive ion mode mass spectrum of the preparative ES product from the first step of
the atropine synthesis with tropine, phenylacetic acid and hydrochloric acid in dioxane. In this
sample m/z 142 [tropine +H]+ and m/z 319 [2tropine + HCl]+ are the most abundant ions.
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Figure C-3: Full scan MS of the preparative ES product of scheme 1b with DMA
Full scan positive ion mode mass spectrum of the preparative ES product from the first step of
the atropine synthesis with tropine and phenylacetic acid in DMA. In this sample m/z 142
[tropine +H]+ is the most abundant ion.

Figure C-4: Full scan MS of the preparative ES product of scheme 1c with HCl in dioxane
Full scan positive ion mode mass spectrum of the preparative ES product from the first step of
the atropine synthesis with tropine, phenylacetyl chloride acid and hydrochloric acid in dioxane.
In this sample m/z 142 [tropine +H]+, m/z 260 [intermediate +H]+, and m/z 319 [2tropine + HCl]+
are present.
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Figure C-5: Full scan MS of the preparative ES product of scheme 1d with DMA
Full scan positive ion mode mass spectrum of the preparative ES product from the first step of
the atropine synthesis with tropine, phenylacetyl chloride acid and hydrochloric acid in dioxane.
In this sample m/z 142 [tropine +H]+ and m/z 260 [intermediate +H]+ are present.

Figure C-6: Full scan MS of the preparative ES product of scheme 1d with DMF
Full scan positive ion mode mass spectrum of the preparative ES product from the first step of
the atropine synthesis with tropine and phenylacetyl chloride acid in DMF. In this sample m/z
142 [tropine +H]+ and m/z 260 [intermediate +H]+ are the most abundant ions.
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Figure C-7: Full scan MS of the preparative ES product of scheme 1d with ethanol
Full scan positive ion mode mass spectrum of the preparative ES product from the first step of
the atropine synthesis with tropine and phenylacetyl chloride acid in ethanol. In this sample m/z
142 [tropine +H]+ and m/z 260 [intermediate +H]+ are present.

Figure C-8: Full scan MS of the preparative ES product of scheme 1d with methanol
Full scan positive ion mode mass spectrum of the preparative ES product from the first step of
the atropine synthesis with tropine and phenylacetyl chloride acid in methanol. In this sample
m/z 142 [tropine +H]+ and m/z 260 [intermediate +H]+ are the most abundant ions.

108

Figure C-9: Full scan MS of the second step of the atropine synthesis by preparative ES using
ammonia
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and ammonia. In this sample
m/z 260 [intermediate +H]+ is the most abundant ion.

Figure C-10: Full scan MS of the second step of the atropine synthesis by preparative ES using
dabco
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and dabco. In this sample m/z
260 [intermediate +H]+ is the most abundant ion.
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Figure C-11: Full scan MS of the second step of the atropine synthesis by preparative ES using
1,5-diazabicyclo[4.3.0]non-5-ene
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and 1,5diazabicyclo[4.3.0]non-5-ene. In this sample m/z 260 [intermediate +H]+ and m/z 290
[atropine+H]+ are the most abundant ions.

Figure C-12: Full scan MS of the second step of the atropine synthesis by preparative ES using
1,8-diazabicyclo[5.4.0]undec-7-ene
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and 1,8diazabicyclo[5.4.0]undec-7-ene.
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Figure C-13: Full scan MS of the second step of the atropine synthesis by preparative ES using
diethylamine
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and diethylamine. In this
sample m/z 260 [intermediate +H]+ is the most abundant ion.

Figure C-14: Full scan MS of the second step of the atropine synthesis by preparative ES using
N,N-diisopropylethylamine
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and N,Ndiisopropylethylamine. In this sample m/z 260 [intermediate +H]+ is the most abundant ion.
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Figure C-15: Full scan MS of the second step of the atropine synthesis by preparative ES using
4-(dimethylamino)pyridine
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and 4(dimethylamino)pyridine.

Figure C-16: Full scan MS of the second step of the atropine synthesis by preparative ES using
2,6-lutidine
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and 2,6-lutidine. In this
sample m/z 260 [intermediate +H]+ is the most abundant ion.
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Figure C-17: Full scan MS of the second step of the atropine synthesis by preparative ES using
pH 10 buffer
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and pH 10 buffer. In this
sample m/z 260 [intermediate +H]+ is the most abundant ion.

Figure C-18: Full scan MS of the second step of the atropine synthesis by preparative ES using
piperidine
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and piperidine. In this sample
m/z 260 [intermediate +H]+ is one of the most abundant ions.
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Figure C-19: Full scan MS of the second step of the atropine synthesis by preparative ES using
potassium ethoxide
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and potassium ethoxide. In
this sample the byproduct m/z 272 [6 +H]+ is the most abundant ion and the product m/z 290
[atropine+H]+ is also present.

Figure C-20: Full scan MS of the second step of the atropine synthesis by preparative ES using
potassium methoxide
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and potassium methoxide. In
this sample the byproduct m/z 272 [6 +H]+ is the most abundant ion and the byproduct m/z 320
[8+H]+ is also present in high abundance.
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Figure C-21: Full scan MS of the second step of the atropine synthesis by preparative ES using
sodium ethoxide
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and sodium ethoxide. In this
sample the byproduct m/z 272 [6 +H]+ is the most abundant ion and both m/z 260 [intermediate
+H]+ and m/z 290 [atropine +H]+ are present.

Figure C-22: Full scan MS of the second step of the atropine synthesis by preparative ES using
sodium hydroxide
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and sodium hydroxide. In this
sample the m/z 260 [intermediate +H]+ and byproduct m/z 272 [6 +H]+ are the most abundant
ions and the product m/z 290 [atropine +H]+ is present.
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Figure C-23: Full scan MS of the second step of the atropine synthesis by preparative ES using
sodium methoxide
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and sodium methoxide. In this
sample the byproduct m/z 272 [6 +H]+ is the most abundant ion and both m/z 260 [intermediate
+H]+ and m/z 290 [atropine +H]+ are present.

Figure C-24: Full scan MS of the second step of the atropine synthesis by preparative ES using
tetrabutyl ammonium hydroxide
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and tetrabutyl ammonium
hydroxide.
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Figure C-25: Full scan MS of the second step of the atropine synthesis by preparative ES using
tetramethyl ammonium hydroxide
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and tetramethyl ammonium
hydroxide. In this sample byproduct m/z 320 [8+H]+ is the most abundant ion.

Figure C-26: Full scan MS of the second step of the atropine synthesis by preparative ES using
triethylamine
Full scan positive ion mode mass spectrum of the preparative ES product from the second step of
the atropine synthesis with step 1 product, aqueous formaldehyde and triethylamine. In this
sample m/z 260 [intermediate +H]+ is the most abundant ion.
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APPENDIX D. REACTIVE EXTRACTIVE ELECTROSPRAY

Figure D-1: Voltage dependence of the continuous synthesis of atropine by preparative reactive
extractive electrospray
Full scan positive ion mode mass spectrum of the preparative reactive EES product from the
continuous synthesis of atropine varying only the polarity of the voltage of the ES emitter
spraying the second step reagents. The percent conversion to atropine at positive, negative and
neutral polarities were 15%, 17% and 19.2% respectively.
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Figure D-2: Distance dependence of point of intersection in the continuous synthesis of atropine
by preparative reactive extractive electrospray
Full scan positive ion mode mass spectrum of the preparative reactive EES product from the
continuous synthesis of atropine varying only the distance of intersection of the two ES emitters.
The percent conversion to atropine at 2cm and 4cm were 3.1% and 5.8% respectively. The was
not a significant difference in percent conversion because the first step of the reaction occurs
rapidly.
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Figure D-3: Distance dependence of deposition distance in the continuous synthesis of atropine
by preparative reactive extractive electrospray
Full scan positive ion mode mass spectrum of the preparative reactive EES product from the
continuous synthesis of atropine varying only the distance of the deposition surface. The percent
conversion to atropine at 2cm, 6cm and 11cm were 4.7%, 7.9%, and 9.4% respectively. The
percent conversion to product increased with the deposition distance, however there is a decrease
in collection efficiency.
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Figure D-4: Preparative reactive EES with the solvents water and isopropyl alcohol
Full scan positive ion mode mass spectrum of the preparative reactive EES product from
ammonium acetate in water and benzaldehyde and ethylacetoacetate in isopropyl alcohol.
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Figure D-5: Preparative reactive EES with the solvents water and methanol
Full scan positive ion mode mass spectrum of the preparative reactive EES product from
ammonium acetate in water and benzaldehyde and ethylacetoacetate in methanol.

122

Figure D-6: Preparative reactive EES with the solvents ethanol and isopropyl alcohol
Full scan positive ion mode mass spectrum of the preparative reactive EES product from
ammonium acetate in ethanol and benzaldehyde and ethylacetoacetate in isopropyl alcohol.
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Figure D-7: Preparative reactive EES with the solvents ethanol and methanol
Full scan positive ion mode mass spectrum of the preparative reactive EES product from
ammonium acetate in ethanol and benzaldehyde and ethylacetoacetate in methanol.
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Molecular recognition of emerald ash borer infestation using leaf
spray mass spectrometry
Caitlin E. Falcone and R. Graham Cooks*
Department of Chemistry, Purdue University, West Lafayette, IN 47907, USA
RATIONALE: The introduction of the emerald ash borer (Agrilus planipennis) (EAB) from Asia to Michigan, USA, in the

1990s caused the widespread death of ash trees in two Canadian provinces and 24 US states. The three current methods
for the detection of emerald ash borer infestation, visual surveys, tree girdling and artiﬁcial traps, can be unreliable, and
there is clearly a need for a rapid, dependable technique for the detection of emerald ash borer infestation.
METHODS: Leaf spray, an ambient ionization method for mass spectrometry (MS), gives direct chemical information on
a leaf sample by applying a high voltage to a naturally or artiﬁcially sharply pointed leaf piece causing ions to be
generated directly from the leaf tip for MS analysis.
RESULTS: Leaﬂets from 23 healthy and EAB-infested ash trees were analyzed by leaf spray mass spectrometry in an
attempt to distinguish healthy and EAB-infested ash trees. In negative ion mode, healthy ash trees showed an increased
abundance of ions m/z 455.5, 471.5 and 487.5, and ash trees infested with the EAB displayed an increased abundance of
ions m/z 181 and 217. The identities of the chemical discriminators ursolic acid and oleanolic acid in healthy ash trees, and
six-carbon sugar alcohols in infested ash trees, were determined by tandem mass spectrometry and conﬁrmed with
standards.
CONCLUSIONS: This preliminary study suggests that leaf spray mass spectrometry of ash tree leaﬂets provides a
potential tool for the early detection of ash tree infestation by the emerald ash borer. Copyright © 2016 John Wiley &
Sons, Ltd.

The emerald ash borer (Agrilus planipennis) (EAB) is an
invasive beetle accidently introduced into North America in
the 1990s. This introduction remained unobserved until 2001
with the mysterious decline of ash trees in Michigan[1] and
in the subsequent year 5 to 7 million ash trees were infested.[2]
The invasive EAB has rapidly dispersed to 24 states[3] and two
Canadian provinces,[4] infesting and consequently killing
massive numbers of ash trees. EAB eggs are laid on the bark
of ash trees and the EAB larvae burrow into the tree and
create serpentine galleries in the inner phloem, outer xylem
and cambium as they feed.[3] In North American ash trees,
these serpentine galleries disrupt the ability of the tree to
transport nutrients and water leading to mortality.[1] In Asia,
colonization by the EAB is restricted to stressed, primarily
Manchurian and Chinese, ash trees;[3] however, in the current
North American EAB invasion, the EAB may initially prefer
stressed trees but in large population densities healthy ash
trees are also colonized.[5] There have been studies on the
phenolics,[6–8] proteomics,[9] metabolomics[10] and nutritional
chemistry[6] unique to Manchurian ash phloem to determine
why the EAB does not colonize healthy Manchurian ash;
currently, there is no deﬁnitive explanation.
In Ohio, USA, six years after the introduction of the EAB,
the mortality rate of 908 ash trees in one study was over
99%.[11] EAB infestations are detected three or more years
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after initial EAB colonization of an area[1] and EAB
populations spread at a rate of 20 km per year.[12] There is
therefore the need for a fast, sensitive and reliable technique
for the determination of EAB infestation in ash trees.
Currently, there are three main detection methods for EAB
infestation: visual surveys, girdled ash tree traps and artiﬁcial
traps. Visual surveys for EAB infestation are based on the
observation of D-shaped exit holes from emerging adult
EABs, longitudinal cracks over larval galleries, canopy
dieback and epicormic shoots on large branches or trunk of
the ash tree.[5] Visual surveys are inaccurate because the
external symptoms of EAB infestation are not evident until
the ash tree is heavily infested.[13] While D-shaped exit holes
are the most reliable external symptoms for visual surveys
and appear before the other external indicators, EABs will
initially colonize the upper canopy of ash trees making their
observation difﬁcult by visual surveys.[1] The second method,
the girdling of ash trees, is the most effective for EAB
detection,[14] especially in low-density EAB populations.[15]
This technique is based on the preference of the EAB for
stressed trees.[11] Ash trees are girdled in the spring and
attract EABs for reproductive purposes. In fall or winter, at
the end of the reproductive season, the bark from the girdled
trees is removed to visually detect EAB larva.[1]
Unfortunately, this technique is labor intensive and the
presence of EAB larva in the girdled tree does not identify
colonization of other trees in the area. The third detection
method for EAB infestation uses artiﬁcial traps. Sticky prism
traps are baited with chemical lures that consist of electroantennal active ash tree volatiles[16,17] since EABs do not

Copyright © 2016 John Wiley & Sons, Ltd.
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levels, reduced the concentrations of 16 foliar amino acids
and increased the phenolics verbascoside and ligstroside in
foliage extracts.[39] The total protein concentration in the
leaves of the infested seedlings increased over time, but at a
slower rate than in the control green ash seedlings. EAB
feeding on black ash seedlings produced changes in six
compounds in leaf volatiles, mainly suppressing (Z)-3hexenyl acetate and increasing emissions of methyl salicylate
and (Z,E)-α-farnesene.[39]
The present preliminary study addresses the potential of
leaf spray mass spectrometry as a rapid molecular diagnostic
tool for EAB infestation. The robustness of leaf spray was
investigated by analyzing the leaﬂets from a healthy and
EAB-infested ash tree on ﬁve different days, while examining
the leaﬂet-to-leaﬂet variability using three different sampling
locations in each tree. Leaf spray mass spectrometry was
performed on 23 different ash trees to determine if the mass
spectra proﬁles of the ash tree leaﬂets can determine if a tree
is healthy or infested with EAB. The chemical identities of
the discriminator ions of healthy and EAB-infested ash trees
based on principal component analysis were determined by
tandem mass spectrometry.

EXPERIMENTAL
Samples
Leaﬂets from 23 ash trees were collected in this study from
Hannah Park (Lafayette, IN, USA), Linwood Park (Lafayette,
IN, USA), Soldier’s Home Road (West Lafayette, IN, USA)
and Purdue University’s campus (West Lafayette, IN, USA).
Sample collection occurred on July 7th, 16th and 19th, 2014,
during the hours of 14:00 to 17:00. Leaﬂets from low-lying
branches were collected from three different locations in each
tree. After collection, the leaﬂets were frozen in a –20°C
freezer.
Chemicals
HPLC-grade methanol was purchased from Fisher Chemicals
(Fairlawn, NJ, USA) and chloroform, formic acid, and
ammonium hydroxide were obtained from Avantor
Performance Materials, Inc. (Phillipsburg, NJ, USA).
Standards of dulcitol, D-mannitol oleanolic acid, D-sorbitol
and ursolic acid were purchased from Sigma Aldrich (St.
Louis, MO, USA). For nano-electrospray ionization (nanoESI)
analysis of the standards in the negative ion mode, 100 μM
standards in methanol were prepared and diluted preceding
nanoESI analysis in a ratio of 10:8:1:1 (100 μM
standard/methanol/water/chloroform).
The
resulting
sample was then spiked with 0.05% ammonium hydroxide.
Instrumental parameters
All experiments were performed using an LTQ linear ion trap
mass spectrometer (Thermo Fisher Scientiﬁc, San Jose, CA,
USA). Leaf spray analysis in the positive ion mode was
performed with a 3.5 kV spray voltage and with a 2.5 kV spray
voltage being used for nanoESI. Other experimental
parameters used in negative ion mode were: capillary
temperature: 200°C; tube lens voltage: –85 V; capillary voltage:
–20 V. Leaf spray analysis in the negative ion mode was

Copyright © 2016 John Wiley & Sons, Ltd.
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produce long-range pheromones.[13] There are two types of
artiﬁcial traps, canopy traps placed in the upper canopy of
ash trees[13] and double-decker traps placed near ash trees at
the height of the canopy,[18] which are more effective than
canopy traps for low-density EAB populations.[15] This
technique, like girdling ash trees, is effective in detecting
and monitoring an EAB infestation; however, it is not possible
to determine which ash trees in the vicinity of the traps are
colonized by EABs. Therefore, there remains a need for a fast
and reliable technique for the detection of EAB colonization in
individual ash trees. In the present work we report the
application of leaf spray for the potential rapid mass
spectrometric proﬁling of healthy and EAB-infested ash trees.
Leaf spray is an ambient ionization technique for the in vitro
or in vivo analysis of leaves and other plant materials.[19] The
leaf is cut to a sharp point, a copper clip is attached, and an
aliquot of solvent is then applied for optimal extraction of
the chemicals on the surface and within the leaf. Depending
on the moisture content of the sample, a spray plume can be
generated without the addition of solvent and, depending
on leaf morphology, cutting to a point may not be necessary.
A high voltage is applied to the copper clip resulting in the
ﬁeld emission of charged droplets from the sharp tip of the
leaf. Leaf spray has been used for the detection of urushiols
in poison ivy (T. radicans),[20] glycosides in Stevia,[21] phenolic
glycosides in Populus deltoids and Populus grandidentata,[22]
ursolic acid and oleanolic acid in Tulsi (Ocinum sanctum),[23]
and pesticide residues in fruits and vegetables.[24] The
technique has also been used for the differential screening of
phytochemicals in Hibiscus species (H. moshcheutos and H.
syriacus) and the resulting mass spectra showed unique
metabolic ﬁngerprints for each species of Hibiscus.[25] Leaf
spray coupled with a miniature mass spectrometer has been
reported for the in-ﬁeld detection of herbicides on blades of
grass.[26] Direct analysis of plants has previously been
reported using desorption electrospray ionization (DESI)MS, another ambient ionization method, for the analysis of
Stevia,[27] Katsura (C. japonicum), American sweetgum
(Liquidambar styraciﬂua), hophornbeam (Ostrya virginiana)[28]
and algal tissue.[29] Another in vivo technique, laser ablation
electrospray ionization (LAESI)-MS, has been used for the
analysis of whole leaves from the French marigold (Tagetes
patula),[30] Peace lily (Spathiphyllum lynise)[31] and the
variegated Zebra plant (Aphelandra squarrosa).[31,32]
Vibrational spectroscopy based methods have been used for
the chemical ﬁngerprinting of plants[33–35] and to track the
chemical changes in resistant and susceptible oak trees
(Quercus agrifolia) after infection with Phytophthora ramorum
causing sudden oak death[36] and in elm trees (Ulmus minor
and Ulmus pimila) after infection by Dutch elm disease
(Ophiostoma novo-ulmi).[37]
To our knowledge, there have only been two studies on the
foliar chemical changes on ash trees from the feeding of the
EAB. EAB adult feeding on ash leaﬂets signiﬁcantly decreased
the total foliar phenolics in white ash foliage; however, it had
no effect on the total foliar phenolics of black and green ash
foliage.[38] EAB adult feeding caused multiple changes in the
foliar volatiles: two volatiles increased in black ash, two
volatiles increased and two decreased in green ash, and seven
volatiles increased in white ash, but most notably indole was
the only volatile to increase in all three species.[38] EAB larval
feeding on black ash seedlings increased glucose and starch
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performed using a 3.0 kV spray voltage and a 2.0 kV spray
voltage for nanoESI. Other experimental parameters used
were: capillary temperature: 200°C; tube lens voltage: 85 V;
capillary voltage: 20 V. Tandem mass spectrometry was
performed with an isolation window of 2 m/z units and 25%
collision energy. The spectra were acquired with automatic
gain control while averaging 3 micro-scans for each spectrum.

Leaf spray
Leaﬂets were removed from the –20°C freezer and thawed
over ice. The leaﬂet triangles were cut (1 cm width, 1.5 cm
height) immediately before analysis to ensure a sharp tip
and ﬂat triangle by preventing the edges of the leaﬂet triangle
from curling. The major veins were avoided when cutting the
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Figure 1. (a) Typical positive ion mode leaf spray mass spectrum for a healthy ash tree. (b) Typical positive ion mode leaf
spray mass spectrum for an EAB-infested ash tree. (c) Score plot of the positive ion mode leaf spray data for multiple day
analysis of multiple leaflets from a healthy and an EAB-infested ash tree. The EAB-infested ash tree data are circled in black
(right) and the healthy ash tree data are circled in grey (left). (d) Loading plot of the positive ion mode leaf spray data.
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leaﬂet triangles as they prevented even solvent ﬂow from the
base of the triangle to the tip. The leaﬂet triangles for negative
ion mode were cut as mirror images of the positive ion mode
leaﬂet triangles with respect to the central leaf vein to limit the
variability based on location in the leaf. A copper clip was
attached to the base of the leaﬂet triangle with the abaxial

surface facing upwards for better solvent penetration of the
leaﬂet cuticle. For positive ion mode analysis, the leaﬂet
triangles were spotted with 20 μL of a stock solution in the
ratio 18:1:1 methanol/water/chloroform spiked with 0.01%
formic acid. In negative ion mode, the leaﬂet triangles
were spotted with 20 μL of a stock solution of 18:1:1
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Figure 2. (a) Typical negative ion mode leaf spray spectrum for a healthy ash tree. (b) Typical negative ion mode leaf spray
spectrum for an EAB-infested ash tree. (c) Score plot of the negative ion mode leaf spray data for the multiple day analysis of
a healthy and an EAB-infested ash tree. The EAB-infested ash tree data are circled in black (right) and the healthy ash tree
data are circled in grey (left). (d) Loading plot of the negative ion mode leaf spray data.
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methanol/water/chloroform spiked with 0.05% ammonium
hydroxide. High voltages of 3.5 kV and 3.0 kV were applied
to the copper clip at the base of the leaﬂet triangle in positive
and negative ion mode, respectively. A steady ion signal was
not observed without the application of a solvent.

Principal component analysis and disease state assignment
The MS spectra reported are the average of 55 scans,
corresponding to the ﬁrst 20 s of acquisition. The mass
spectral data were exported using nominal mass and were
total ion chronogram (TIC) normalized over the mass range

a) Score Plot

b) Loading Plot

c) Score Plot

d) Loading Plot

e) Score Plot
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Figure 3. (a) Score plot of the negative ion mode leaf spray MS data for 23 ash trees with the healthy ash trees
circled in grey. (b) Loading plot of the negative ion mode leaf spray MS data for 23 ash trees. (c) Score plot of
the negative ion mode training set data with the three confirmed EAB-infested ash trees circled in black (left)
and the two healthy ash trees circled in grey (right). (d) Loading plot of the negative ion mode leaf spray MS
data for the training set. (e) Score plot of the negative ion mode leaf spray MS data for 23 ash trees using the
training set. The EAB-infested ash tree data are circled in black (left) and the healthy ash tree data are circled in
grey (right).
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of m/z 150–1000 and column centered in Excel (Microsoft,
Redmond, WA, USA). Covariance principal component
analysis was performed using Origin (OriginLab,
Northampton, MA, USA). For the training set of ﬁve ash trees,
the assignments were based on visual surveys by a certiﬁed
arborist. The three EAB-infested ash trees had severe EAB
infestation with numerous D-shaped exit holes on their lower
trunk. The two healthy trees for the training set were chosen
because there was no visible foliage loss in the canopy, no
epicormic shoots and no visible D-shaped exit holes.

RESULTS AND DISCUSSION
Leaﬂets from one healthy and one EAB-infested ash tree were
analyzed by leaf spray mass spectrometry in both positive
and negative ion mode on ﬁve different days, while looking
at the leaﬂet-to-leaﬂet variability and also the variability from
leaves taken from three different sampling locations in each
tree (Fig. 1). On each experimental day, one or two ash tree
leaﬂets from each of the three locations on the tree were
analyzed using a total of three to four leaﬂets depending on
the size of the leaﬂet. A total of 17 leaﬂets from each tree
was analyzed over the course of the ﬁve experimental days.
An equal number of samples was run from each leaﬂet in both
positive and negative ion mode for a total of 60 samples from
each tree, each day. Representative positive ion mode leaf
spray MS TIC spectra of the healthy ash tree and EAB-infested

ash tree are shown in Figs. 1(a) and 1(b), respectively. The
TIC-normalized, column-centered spectra were subjected to
principal component analysis (PCA) (Fig. 1(c)) to determine
the signiﬁcant m/z discriminators and to demonstrate that
the variance from the day, leaﬂet and sampling location on
the tree was comparable with or less than the variance
between leaﬂet triangles from a single leaﬂet. For more
information on the day, sampling location and leaﬂet
variability, please see Supplementary Figs. S-1 to S-6
(Supporting Information). The loading plot of the positive
ion mode data attributes the most signiﬁcant differences in
the leaf spray spectra to m/z 221 for the EAB-infested ash tree
and to m/z 219, 263, 267, 281 and 381 for the healthy ash tree
(Fig. 1(d)). Principal components 1 and 2 account for 82.6%
and 5.7% of the total variance, respectively.
Representative negative ion mode leaf spray MS TIC
spectra of the healthy ash tree and the EAB-infested ash tree
are shown in Figs. 2(a) and 2(b), respectively. The PCA of
the negative ion mode leaf spray data (Fig. 2(c)) produced
similar results to the positive ion mode PCA, with a clear
separation between healthy and EAB-infested trees and
limited variability from the day, leaﬂet and sampling location
on the tree. The loading plot of the negative ion mode data
attributes the principal differences in the leaf spray mass
spectra to m/z 181 and 217 for the EAB-infested ash tree and
to m/z 215, 241, 277, 377, 456, 472 and 488 for the healthy
ash tree (Fig. 2(d)). Principal components 1 and 2 account
for 68.6% and 12.4% of the variance, respectively. The results
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Figure 4. Product ion MS/MS spectra in negative ion mode of unknown m/z 181 in an EAB-infested ash tree
leaflet and the [M–H]– ion at m/z 181 from dulcitol, mannitol and sorbitol.
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of this analysis of single healthy and single EAB-infested trees
show that variation between day of analysis, leaﬂets and
position of leaf on the tree are small and that either positive
or negative ion data can be used to discriminate EAB-infested
from healthy ash trees.
In an attempt to test discrimination based on leaf spray
mass spectrometry between a collection of trees, the leaﬂets
from 23 ash trees were analyzed by leaf spray in both positive
and negative ion mode to determine if leaf spray could be a
potential diagnostic tool for EAB infestation. Three to four
leaﬂets, depending on the size of the leaﬂet, were analyzed
from each tree with 12 leaﬂet triangles being examined in both
positive and negative ion mode. For typical positive
and negative ion mode leaf spray mass spectra, see
Supplementary Figs. S-7 to S-29 (Supporting Information).
The TIC-normalized, column-centered data were subjected to
PCA. The score plot for the positive ion mode data for the
23 trees did not show separation based on EAB infestation.
The score plot for the negative ion mode data did, however,
show separation based on EAB infestation and the loading plot
showed discrimination between EAB-infested ash trees based
on m/z 181 and 217 and healthy ash trees based on m/z 241,
277, 455, 456, 471, 472 and 488 (Figs. 3(a) and 3(b)). The ion
of m/z 241 gives the most abundant peak in two of the three
conﬁrmed EAB-infested ash trees; therefore, it is not a
discriminator for healthy ash trees. The three conﬁrmed EABinfested ash trees and the two ash trees with no physical signs

of questionable health were used as the training set for PCA
and the principal components for each tree (Fig. 3(c)) were
calculated from the principal component scores for each m/z
value. The separation in the new loading plot is in three
directions (Fig. 3(d)) giving a similar but better-deﬁned
separation in the scores plot of all the ash trees (Fig. 3(e)).
These data lead to the tentative conclusion that EAB-infested
and healthy ash trees from a larger (N = 23) population can
be separated by leaf spray in the negative ion mode. Leaﬂet
extracts from the ﬁve training set ash trees were compared
by nESI in both positive and negative ion mode. These extracts
showed similar MS proﬁles and are not classiﬁable based on
the m/z discriminators for healthy and EAB-infested ash trees
found in the leaf spray analysis. Due to their similar MS
proﬁles the leaﬂet extracts are not a useful diagnostic tool to
determine healthy or EAB-infested ash trees. For more
information, see Supporting Information and Supplementary
Figs. S-35 - S-40 (Supporting Information).
The identities of the discriminating compounds were
investigated using tandem mass spectrometry. The product
ion spectrum of m/z 181, the discriminator ion for EABinfested ash trees, yields a main product ion of m/z 163 after
loss of water (Supplementary Fig. S-30(a), Supporting
Information). An additional stage of analysis, MS3 of m/z
181 via m/z 163, produces product ions at m/z 145, 131, 101
and 85 due to loss of water, methanol, ethylene glycol and
water combined with subsequent loss of ethene-1,2-diol
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Figure 5. Product ion MS3 spectra in negative ion mode of unknown m/z 455.5 in a healthy ash tree leaflet
and of the [M–H]– ions at m/z 455.5 of oleanolic acid and ursolic acid.
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CONCLUSIONS
Leaf spray mass spectrometry was used to chemically
distinguish between EAB-infested and healthy ash trees. The
results of single healthy and single EAB-infested ash tree leaf
spray mass spectrometry analysis show that variations
between day of analysis, leaﬂets and position of leaf on the tree
are small, and that either positive or negative ion data can be
used to discriminate EAB-infested from healthy ash trees. With
a training set of ﬁve ash trees, this data leads to the tentative
conclusion that EAB-infested and healthy ash trees from a
larger (N = 23) population can be distinguished by leaf spray
in the negative ion mode. The identities of the discriminator
ions in negative ion mode were determined by tandem mass
spectrometry and conﬁrmed with standards such as ursolic
acid and oleanolic acid in healthy ash trees and six-carbon
sugar alcohols in EAB-infested ash trees. There are difﬁculties
in validating the disease state at the time of analysis as the
three current methods for the detection of EAB infestation,
visual surveys, tree girdling and artiﬁcial traps, can be
unreliable. This preliminary study suggests that leaf spray
mass spectrometry of ash tree leaﬂets provides a potential
tool for the early detection of ash tree infestation by the emerald
ash borer.
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Reaction screening and optimization of
continuous-ﬂow atropine synthesis by preparative
electrospray mass spectrometry†
Caitlin E. Falcone,‡a Zinia Jaman,‡a Michael Wleklinski,a Andy Koswara,b
David H. Thompson*a and R. Graham Cooks *a
Preparative electrospray (ES) exploits the acceleration of reactions in charged microdroplets to perform
a small scale chemical synthesis. In combination with on-line mass spectrometric (MS) analysis, it
constitutes a rapid screening tool to select reagents to generate speciﬁc products. A successful reaction
in preparative ES triggers a reﬁned microﬂuidic reaction screening procedure which includes the optimization for stoichiometry, temperature and residence time. We apply this combined approach for reﬁning
a ﬂow synthesis of atropine. A successful preparative ES pathway for the synthesis of the phenylacetyl
ester intermediate, using tropine/HCl/phenylacetyl chloride, was optimized for solvent in both the
preparative ES and microﬂuidics ﬂow systems and a base screening was conducted by both methods to
increase atropine yield, increase percentage conversion and reduce byproducts. In preparative ES, the
ﬁrst step yielded 55% conversion ( judged using MS) to intermediate and the second step yielded 47%
conversion to atropine. When combined in two discrete steps in continuous-ﬂow microﬂuidics, a 44%
conversion of the starting material and a 30% actual yield of atropine were achieved. When the reactions
were continuously telescoped in a new form of preparative reactive extractive electrospray (EES),
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atropine was synthesized with a 24% conversion. The corresponding continuous-ﬂow microﬂuidics
experiment gave a 55% conversion with an average of 34% yield in 8 min residence time. This is the ﬁrst

DOI: 10.1039/c7an00622e

in depth study to utilize telescoped preparative ES and the ﬁrst use of dual ESI emitters for multistep
synthesis.
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Introduction
Continuous flow reactors are gaining attention in the pharmaceutical and fine chemical industries for the preparation of
small and large molecules including active pharmaceutical
ingredients (APIs).1,2 Key advantages of continuous flow are
increased mass transfer, controlled flow, ease of integration,
and precise control of the reaction temperature and reaction
time, as well as high eﬃciency and safety.3,4 Generally, reaction optimization and screening require significant investments in time and material.5,6 Pharmaceutical production still
utilizes a supply chain network where reagent shortage often
occurs due to the use of multipurpose batch reactors which
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are operated in cycles, and lengthy experiments may be
required to identify and optimize the intermediates in each of
the several reaction steps while minimizing carry-through of
by-products.7 Microreactors, used in conjunction with on-line
nESI-MS analysis, speed up reaction optimization8 and lower
the costs due to low material requirements and reduced waste
generation.9,10 The reduced channel widths, together with the
exceptional mass-and heat-transfer capacity of these reactors,
are responsible for decreasing reaction times.11 With all of
these advantages, it is expected that continuous flow
processes should emerge as an important technique for API
synthesis.12,13 Indeed, many APIs have been synthesized continuously by incorporating small-scale work up techniques and
formulations. Continuous flow synthesis of the APIs efaproxial,
rimonabant,14 imatinib,15,16 ibuprofen,8 rufinamide,17 diphenhydramine hydrochloride,18 and (E/Z)-tamoxifen19 have been
reported. Two MS experiments are investigated here to further
facilitate the development of continuous flow synthesis: (i)
rapid screening using accelerated reactions in microdroplets
or thin films and (ii) on-line continuous MS monitoring of the
microfluidic reaction using inductive ESI.†20 The methodology
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diﬀers from but can be compared to the use of drop-based
microfluidics for screening analytes.21
In preparative electrospray, accelerated chemical reactions
occur in charged microdroplets, reducing the reaction times.22
Accelerated reactions in microdroplets have been studied
using desorption electrospray ionization (DESI),23–25
nanoDESI,26 paper spray27 and electrospray ionization (ESI)28
as well as in a levitated form.29 These reactions have been
employed to derivatize analytes for improved MS analysis,22 in
mechanistic studies,30–32 to identify reaction intermediates24,33,34 and to perform microscale synthesis.35,36
Accelerated droplet reactions can be monitored by on-line MS
analysis and they can be used to prepare milligram quantities
of material in minutes.35 In preparative ES a reaction mixture
is optimized for product formation by on-line MS analysis and
then electrosprayed oﬀ-line onto a collector surface. The
material deposited is subsequently analyzed by extraction with
solvent and oﬀ-line chemical analysis.
Extractive electrospray ionization (EESI) is an alternative
spray ionization technique that utilizes two ESI emitters to
allow collisions between droplets from two separate streams.
One emitter nebulizes the sample and the other produces
charged microdroplets of the solvent.37–44 Liquid–liquid extraction of analytes from the sample during microdroplet
collisions leads to extraction of the analyte into a solvent that
is amenable to on-line mass spectrometric analysis. As used
here, the second spray contains a reagent which can react with
the intermediate products of the first sprayer to yield the
desired final product. Note that a technique similar to EESI,
droplet fusion, uses two separate ESI emitters to collide microdroplet reagents to form fused droplets containing both
reagents. The reagents mix in the fused droplets and the reaction proceeds. Microdroplet fusion has been used to study the
kinetics of phenolindophenol reduction by ascorbic acid, acidinduced cytochrome c unfolding, and HDX in bradykinin.45 In
a third multi ESI emitter technique, multichannel rotating
electrospray ionization, ESI emitters nebulize volatile reagents
that induce reactions in the gas phase and the resulting products are extracted by droplets from another ESI emitter.46
Among these three methods, only EESI was used in this study.
Atropine is traditionally manufactured industrially by
natural product extraction.47 Atropine, the natural tropane
alkaloid, exists as a racemic mixture of D-hyoscyamine and
L-hyoscyamine and has both anticholinergic and antiparasympathetic properties.48 The drug is included in the
WHO list of essential medicines and the U.S. Food and Drug
Administration (FDA) has reported it to be among drugs which
were in short supply during 2011–2014.49 The total synthesis
of atropine has previously been published using a batch
process50–52 and more recently using continuous flow.49 This
previous continuous flow process required multiple steps of
purification by liquid–liquid extraction due to a variety of
byproducts and this reduced the overall yield of atropine.49,53
Reported here is a rapid screening technique that utilizes preparative ES to screen pathways and microfluidics with on-line
MS to optimize selected pathways.
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Experimental
All chemicals and solvent were purchased from Sigma-Aldrich
(St Louis, Missouri) and used without any purification. pH =
10 buﬀer was purchased from Macron (Avantor Performance
Materials, Center Valley, PA).
Mass spectrometry
Samples were analyzed using a Thermo LTQ linear ion trap
mass spectrometer (ThermoFisher Scientific, San Jose, CA,
USA). NanoESI analysis in both positive and negative ion
modes was performed using 2.0 kV spray voltage. Other experimental parameters were: capillary temperature: 200 °C; tube
lens (V): −85 V; capillary voltage: −20 V for positive ion mode
and tube lens (V): 85 V; capillary voltage: 20 V for negative ion
mode. Tandem mass spectrometry was performed using an
isolation window of 1.5 (m/z units) and 25% collision energy.
The spectra were acquired with automatic gain control while
averaging 3 micro-scans for each spectrum. Samples were prepared for nanoESI by diluting them 100-fold in acetonitrile.
Microfluidics
All microfluidic syntheses were performed using a Labtrix S1
(Chemtrix, Ltd, Netherlands). A home-built Peltier-controlled
system coupled with the Chemtrix microfluidic platform
allowed for multi-step reactions to be performed with control
over the temperature in each chip.
HPLC-MS analysis
Separations were performed on an Agilent 1100 HPLC system
(Palo Alto, CA) using a Varian C18 Amide column (3 μm,
150 × 2.1 mm id) and 10 μL injection volume. Following the
separation, the column eﬄuent was introduced by positive
mode electrospray ionization (ESI) into an Agilent MSD-TOF
mass spectrometer. The percentage conversion was calculated
as the product signal divided by the sum of all the peaks in
the spectra.
RP-UPLC analysis
An isocratic reverse-phase ultra-high performance liquid
chromatography method (RP-UPLC) using the PATROL UPLC
Process Analysis System (Waters Corp.) was used to determine
the yield of atropine in continuous flow. The detection of
eluted atropine was accomplished using a dual-channel PDA
detector at 190 and 225 nm in conjunction with ApexTrack
analysis for integrating the atropine peak that was matched
with an atropine standard chromatogram. Quantification was
then performed via interpolation using a standard calibration
curve at 225 nm. Three standard stock solutions of atropine
sulfate were prepared.
NMR analysis
1

H-NMR and 13C-NMR samples were prepared by dissolving
∼10 mg of samples in CDCl3 and spectra were acquired using
a Bruker AV-III-500-HD NMR spectrometer (Billerica,
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Massachusetts, USA). The NMR data were analyzed using the
MestReNova 10.0 software.
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Preparative electrospray
A home-built electrospray source was enclosed in a polypropylene tube (15 mL Falcon tube) with a small piece of glass wool
for deposition. The reaction mixture was pumped through
fused silica capillary at a rate of 10 μL min−1 and a high
voltage of 5 kV was applied through the stainless steel needle
of the 250 μL Hamilton gastight syringe. A nitrogen sheath gas
was used at 100 Psi. The sprayed droplets were collected on
glass wool and washed with a solvent for analysis by nanoESI
or to be telescoped for the next step in the reaction.
Preparative reactive EES
Two home-built electrospray sources were angled at 22.5° with
the intersection of the spray plumes occurring at a distance of
4 cm. The deposition surface of glass wool in a polypropylene
tube was placed at varying distances from the intersection
point. Each ES emitter was connected to two syringes via
tubing and mixed in line with a mixing T. Each syringe had a
flow rate of 5 μL min−1 with a total flow rate of 10 μL min−1 for
each ES emitter. The high voltage was applied through a
platinum electrode in a T junction. A nitrogen sheath gas was
used at 100 Psi. The sprayed droplets were collected on the gas
wool and washed with a solvent for analysis by nanoESI.
Synthesis of intermediates in preparative ES
For the synthesis of intermediate 4, 0.1 mmol of solid tropine
2 and 0.1 mmol of phenyl acetic acid or phenylacetyl chloride
5 were added to 100 μL of aqueous 3 M HCl or 100 μL of 4 M
HCl in dioxane and sprayed for 5 minutes. For the synthesis of
intermediate 4, 0.1 mmol of solid tropine 2 and 0.1 mmol of
phenyl acetic acid or phenylacetyl chloride 5 were added to
100 μL of solvent and sprayed for 5 minutes. All deposited
products were washed with 500 μL ACN and analyzed via
nanoESI-MS.
Synthesis of intermediates in microfluidics
A DMF solution of tropine 2 HCl in dioxane and phenylacetyl
chloride 6 were individually loaded onto 1 mL ILS gas tight
glass syringes. Each solution was in turn dispensed onto the
SOR 3225 reactor to react and produce intermediate 4.
Similarly, a DMA solution of tropine 2 and phenylacetyl
chloride 5 were loaded into a pair of 1 mL syringes and reacted
onto the SOR 3227 reactor to prepare for intermediate 4. The
esterification reaction was run at 100 °C, 150 °C and 200 °C in
residence times of 1 min, 2 min, 5 min, and 8 min. The intermediate was collected without quenching. The subsequent
nESI-MS and HPLC-MS analyses were performed without
further purification. By contrast, NMR analysis was performed
after neutralization and extraction of the reaction mixture.
Synthesis of atropine in preparative ES
The first step product of the atropine synthesis was achieved
by preparative ES spraying of 200 μL 1 : 1 0.5 M tropine in
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DMA : 0.5 M phenylacetyl chloride in DMA and then washing
the deposited product from the glass wool with 500 μL DMA.
The second step of the atropine synthesis was performed by
spraying 50 μL of the following solution: 10 μL Step 1 product,
30 μL 36–37% formaldehyde solution in water and 30 μL 1 M
base in DMA. The sample on the glass wool was quenched
with 500 μL water and the product was extracted with 100 μL
DCM. The preparative ESI product was analyzed via nanoESI.
Synthesis of atropine by reactive preparative EES
The first ES emitter sprayed the step 1 reagents to form the
intermediate and the first syringe contained 0.1 M tropine in
DMA and the second syringe contained 0.1 M phenylacetyl
chloride in DMA. The second ES emitter sprayed the second
step reagents and the first syringe contained 1 M 1,5-diazabicyclo[4.3.0] in DMA and the second syringe contained 36–37%
formaldehyde solution in water. A total of 100 μL of each
reagent was sprayed for 20 minutes. The glass wool was
quenched with 2 mL water and the product was extracted with
100 μL DCM. For analysis by nanoESI, 10 μL of the DCM
extract was diluted in 90 μL of ACN.
Synthesis of atropine by microfluidics using two chips
DMA solution of intermediate 4 and aqueous formaldehyde
solution with each of the nine bases in turn were loaded onto
a pair of 1 mL glass syringes and delivered at temperatures
starting from room temperature to 200 °C. All the bases were
diluted in DMA. The residence times of the reactions also
varied from 10 s to 8 minutes, depending on the base, in a
Labtrix SOR reactor, such as the 3227, 3225, 3223 or 3222
reactor. Deionized water was loaded into the last 1 mL glass
syringe and delivered to quench the reaction (see ESI† for
details).
Continuous microfluidic synthesis of atropine
The DMA solutions of tropine 2 (1.0 equiv.) and phenylacetyl
chloride 5 (1.0 equiv.) were loaded into a pair of 1 mL glass
syringes and delivered to SOR 3221 at 100 °C in 2 min residence time. The solution from SOR 3221 was poured into the
first inlet of SOR 3223. A DMA solution of 1,5-diazabicyclo
[4.3.0] base and formaldehyde solutions (4.0 equiv.) and water
were loaded onto a pair of 1 mL glass syringes and delivered to
SOR 3223 at 70 °C in 6 min residence time.

Results and discussion
Preparation of intermediate ester 4 by electrospray
Multiple reaction pathways for the synthesis of atropine (1)
were explored using preparative ES with oﬀ-line product collection (Fig. 1). In its simplest form, preparative ES gives a binary
response as to whether a synthetic route does or does not yield
product. A successful reaction in spray guides the choice of
possible reactions to pursue in microfluidics. Four synthetic
routes (Scheme 1) were screened by preparative ES for the
formation of the atropine intermediate 4. The first pathway
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Fig. 1 Preparative ES. A high voltage is applied to the dissolved reaction
mixture in a syringe and nitrogen assists in nebulizing the solution. Spray
droplets containing product and unconverted reagent are deposited on
glass wool for analysis.

Fig. 2 Mass spectra of ES deposited material. (a) Full scan positive ion
mode spectrum of the deposited material from the preparative ES reaction of tropine 2, phenylacetyl chloride 5 and HCl in dioxane yielding
intermediate 4 (30% conversion). (b) Full scan positive ion mode spectrum of the deposited material from the preparative ES reaction of
tropine 2, and phenylacetyl chloride 5 in DMA yielding intermediate 4
(55% conversion). 22 indicates the dimer of 2.

Scheme 1

Routes to intermediate 4.

(Scheme 1a) explored the use of tropine 2, phenyl acetic acid 3
and HCl in both water and dioxane. The use of aqueous HCl
yielded no observable intermediate 4 in the full scan MS;
however, the presence of product in low abundance was
evident from the MS/MS spectrum recorded for ions of m/z
260, of the value corresponding to the protonated intermediate. The use of HCl in dioxane yielded a low but measurable
signal for intermediate 4 in the full scan MS with a conversion
of 1.4% (conversion is defined as the abundance of the
product ion divided by the sum of the abundances of the
reagent, product, and byproduct ions). The second pathway
(Scheme 1b) involving tropine 2 and phenyl acetic acid 3 again
yielded no intermediate 4 in the full scan MS in a solvent
screening that included acetonitrile (ACN), dichloromethane
(DCM), dimethylacetamide (DMA), dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), ethanol, methanol, tetrahydrofuran (THF), and toluene. By contrast, the third pathway
(Scheme 1c) using tropine 2, phenylacetyl chloride 5 and HCl
in dioxane yielded 4 in 30% conversion (Fig. 2a). The fourth
pathway (Scheme 1d) eliminated the use of acid, with only
tropine 2 and phenylacetyl chloride 5 in the solvent. A solvent
screening using the nine previously used solvents was
conducted for this pathway to the esterification of tropine 2

This journal is © The Royal Society of Chemistry 2017

with phenylacetyl chloride 5. The intermediate 4 was produced
in DMA, DMF, ethanol and methanol, with the highest percentage conversion (55%) being shown in DMA (Fig. 2b). This
pathway to the synthesis of intermediate 5 has not been
published in the bulk and was first described in a preliminary
communication on the utilization of this screening methodology.54 The conversion varied in diﬀerent permutations of the
pathway with the finding that tropine 2 and phenylacetyl chloride 5 in DMA produced the highest conversion of the four
pathways. This is a promising pathway to carry forward microfluidics testing. Because the solvents ethanol and methanol
are expected to lead to aldol condensation byproducts, only
DMA and DMF were examined in microfluidics.
Preparation of intermediate 4 in flow
The two best pathways (Scheme 1c and d) and solvents, DMA
and DMF, for the synthesis of the intermediate ester 4 in preparative ES were examined in microfluidics. The flow reaction
between tropine 2 (1 equivalent) and phenylacetyl chloride 5
(1.1 equivalents) in the presence of HCl in dioxane in DMA
(Scheme 1c) gave 91% conversion as judged using LC-MS of
the intermediate salt 4 at 100 °C in 9.16 minutes (ESI
Table 1†). The second pathway used tropine 2 (1 equivalent)
and phenylacetyl chloride 5 (1.1 equivalent) (Scheme 1d) in
DMA and at 150 °C in 4 minutes gave 94% conversion of the
intermediate 4 along with quaternary ammonium salt bypro-
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ducts (ERI Scheme 1 and ESI Table 2†). The quaternary
ammonium salts were produced from a reaction between the
ester intermediate and phenyl acetyl chloride. The presence of
solvent associated byproducts was noted at 150 °C and 200 °C
(ESI Scheme 2†). The microfluidic reaction using DMF as the
solvent showed more solvent associated byproduct than did DMA.
For neither of these processes was reaction quenching performed.
Reducing the amounts of the quaternary ammonium salt
byproducts is important because it decreases the probability of
producing further byproducts in the next step of the atropine
synthesis. To achieve this, equimolar (1 : 1) amounts of tropine
2 and phenylacetyl chloride 5 were used: this gave 89% conversion of intermediate 4 with less quaternary ammonium byproducts at 100 °C in 2 minutes (ESI Table 2†). The latter route
eliminates the step of producing the tropine salt using hydrochloric acid and both routes have similar conversions to intermediate 4. This route is 3.8 fold faster than the reported flow
synthesis of atropine.49 Preparative ES and microfluidics data
both show that the highest conversion pathway for the production of intermediate 4 was tropine 2 and phenylacetyl
chloride 5 in DMA.
Synthesis of atropine by preparative electrospray
The second step in the synthesis of atropine is a base-catalyzed
aldol condensation with the addition of formaldehyde and a
base to the intermediate 4. The crude product from the preparative ES reaction of tropine 2 and phenylacetyl chloride 5 in
DMA was telescoped with aqueous formaldehyde (37%) and
1 M base in DMA to form atropine. Twenty-two bases were
screened in preparative ES to determine which base yielded
the highest conversion to atropine with the least amount of
byproduct. This methodology allowed quick screening of
diﬀerent bases to determine which base yielded the highest
conversion to atropine and simultaneously allowed examination of the byproducts produced by each base. Of the 22
bases screened (ESI Table 3†), seven showed conversions to
atropine of more than 5%. The percentage conversion
included accounting for byproducts previously identified in
the continuous flow synthesis by aldol condensation of
atropine and aqueous formaldehyde in both sodium hydroxide
and pH 10 buﬀer. Seven bases successfully produced atropine;
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therefore, the best bases for the aldol condensation were
judged from both high conversion to atropine and low conversion to byproducts. The bases 1,8-diazabicyclo[5.4.0]undec-7ene, potassium ethoxide, potassium methoxide, sodium
ethoxide, sodium hydroxide and sodium methoxide had a
higher percentage conversion to apoatropine 6, the E1 elimination byproduct, than atropine. The base 1,5-diazabicyclo
[4.3.0]non-5-ene was the screened base with the highest conversion (44.5%) to atropine; moreover, it was the only base
with only a nominal production of byproducts. The preparative
ES data therefore indicate that the best base for the synthesis
of atropine in microfluidics is likely to be 1,5-diazabicyclo
[4.3.0]non-5-ene.
Telescoped synthesis of atropine in flow using two chips
The hydroxymethylation step (aldol condensation, 2nd step)
was examined under diﬀerent reaction conditions using the
intermediate from the first step in microfluidics without any
further purification (Fig. 3). Nine bases were screened, which
encompassed both successful and unsuccessful reactions in
preparative ES and their conversions to product are summarized in Table 1. Apoatropine 6 (E1 elimination byproduct) was
produced under all the conditions as E1 elimination is accelerated by the temperature and the base. Sodium ethoxide in
ethanol produced a solid during the microfluidic reaction
leading to a clogged chip because the byproduct (sodium
chloride) has a low solubility in ethanol. The pH 10 buﬀer led
to an overall conversion to atropine of 30% and this condition
produced byproducts 6 and 8 (Scheme 2) (ESI Table 4†).
Increasing the temperature led to more elimination byproduct
7, the higher temperatures driving water elimination from atropine. Increasing the amount of formaldehyde or the residence
time increased the second aldol byproduct 8. Decreasing the
temperature did not lead to the production of atropine. Sodium
methoxide and potassium methoxide gave 24% overall conversions, again as measured by MS. However, increasing the residence time and temperature increased the production of byproducts 6 (ESI Table 5†). A new byproduct, 7, arose from a Michael
addition of the methanol present in the base and in formaldehyde
solutions. Trimethylamine and DABCO showed poor conversion
to atropine even at higher temperature and longer residence time.

Fig. 3 Synthesis of atropine in ﬂow in two chips A = tropine; B = phenylacetyl chloride, C = crude product from ﬁrst chip; D = base + formaldehyde;
E = water.
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Conversion of crude intermediate 4 to atropine (1) and to byproducts

Base

Maximum conversion
of atropine (%)

Reaction
conditions

Byproducts
in flow

Preparative ES
conversion (%)

Byproducts
in ES

pH 10 buﬀer
Sodium methoxide in methanol (CH3ONa)
Potassium methoxide in methanol (CH3OK)
Tetramethyl ammonium hydroxide
Sodium hydroxide
1,5-Diazabicyclo[4.3.0]non-5-ene

30
24
24*
36*
23
44*

150 °C, 2 min
150 °C, 2.9 min
70 °C, 2 min
100 °C, 21.4 s
70 °C, 2 min
70 °C, 6 min

7, 9
7, 8
7, 8
7, 8
7, 9
7

1.6
9.9
7.6
1.6
15.4
47.5

7
7
7, 9
7, 9
7
7

Maximum percentage conversion of atropine in two steps in two diﬀerent chips. The percentage conversion was determined by nESI-MS unless
asterisked (*) in which case conversion was determined by LC-MS. The reaction conditions describe the temperature and residence time in the
second chip.

Scheme 2

Possible byproducts from the second step reaction.

Tetramethylammonium hydroxide took less than a minute
to convert all intermediates to products and byproducts. The
maximum conversion to atropine (36%) was associated with
large amounts of byproducts 6, 7. The best conditions for
tetramethylammonium hydroxide with the highest conversion
(32%) and the lowest conversion to byproducts were found at
100 °C in 8.6 seconds (ESI Table 5†). Sodium hydroxide
showed 23% maximum overall conversion of atropine in
6 minute residence time with hydrolyzed tropine and byproducts 6 and 8 (ESI Table 7†).
1,5-Diazabicyclo[4.3.0]non-5-ene was the most eﬀective base
for the aldol condensation reaction in microfluidics, which
correlates to the preparative ES data. The maximum overall
conversion of atropine using 1,5-diazabicyclo[4.3.0]non-5-ene
base was 44% (Table 1) at 70 °C in 4 and 6 min residence time
and it showed minimum amounts of byproduct 6. Increasing
the residence time and temperature increased the amount of
byproduct 6. The maximum atropine yield (not conversion)
measured quantitatively by NMR was 30% at 70 °C using
6 min residence time.
The reaction conditions (chip 3227, 4 equiv. of formaldehyde, 4 equiv. base, 70 °C, P = 9 bar) for the highest conversion of 1,5-diazabicyclo[4.3.0]non-5-ene were used to compare
the relative conversion of atropine in 1,5-diazabicyclo[4.3.0]
non-5-ene, potassium methoxide, sodium hydroxide and
pH 10 buﬀer (ESI Table 7†). The overall conversion of atropine
using 1,5-diazabicyclo[4.3.0]non-5-ene in two steps was almost
identical in 4 and 6 minutes. Atropine conversion decreased
with increasing residence time for both potassium methoxide
and sodium hydroxide bases. The pH 10 buﬀer did not lead to
the production of atropine under these reaction conditions.

This journal is © The Royal Society of Chemistry 2017

Table 2

Conversion to byproducts in diﬀerent bases

Percentage conversion of byproducts (%)
Byproduct

Method

1,5-Diazabicyclo
[4.3.0]non-5-ene

CH3OK

NaOH

6

ES
Flow
ES
Flow
ES
Flow

11.4
3.8
<1
<1
2.2
1.5

45.1
20.2
<1
44.8
31.1
4.1

40.3
65.8
<1
<1
1.4
13.4

7
8

The base 1,5-diazabicyclo[4.3.0]non-5-ene gave the smallest
conversion to byproducts and showed only 3.8% of byproduct
6 in 6 min residence time (Table 2). The best base for the aldol
condensation was 1,5-diazabicyclo[4.3.0]non-5-ene in both
preparative ES and microfluidics.
Telescoped synthesis of atropine by extractive electrospray
The multi-step synthesis of atropine was performed continuously using a variant of extractive electrospray (EES) (Fig. 4).
This technique utilized two electrospray emitters where the
first ESI emitter produced the intermediate 4 and the second
ESI emitter nebulized the hydroxymethylation reagents for the
second and final steps of the atropine synthesis. The reactive
EES setup used diﬀers from traditional EES. In traditional EES
the angle of intersection of the two ES emitters is 90 degrees,
with some experiments using angles of 40–60 degrees.38,40 For
these reactive EES experiments, the angle of intersection is
<22.5%, which allows for more interaction of the droplets
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Fig. 4 Preparative reactive EES. A high voltage is applied to the solvent
through a platinum electrode and nitrogen gas assists in nebulizing the
solution. The ES emitters are positioned at an angle of 22.5° and the
point of intersection of the spray plumes is 4 cm from the glass wool
collection surface.

droplet intersection and droplet intersection to the glass wool,
and applied polarities (ESI Fig. 30–33†). When the ES emitters
were orthogonal, as in traditional EES, the ratio of product to
intermediate was low. The highest ratio of product to intermediate occurred when the emitters were placed at an angle of
ca. 22.5°. Higher ratios of product to intermediate occurred
when the point of intersection of the plume from both emitters and the distance from the intersection to the collection
surface was greater; however, there was a trade-oﬀ in quantity
of material deposited on the glass wool. In preparative reactive
EES, the unreacted phenylacetyl chloride reacted with the
water in aqueous formaldehyde to form the phenyl acetic acid
seen in MS as the protonated dimer [2M + H]+. This was
expected as phenylacetyl chloride is highly reactive with water.
Despite this, the percentage conversion to atropine was 24%
which is similar to the total conversion from both steps in the
preparative ES of 26% (Fig. 5). Therefore, telescoped preparative EES is a viable approach to microscale synthesis with
similar conversions to telescoped preparative ES.
Continuous microfluidic synthesis of atropine

Fig. 5 Mass spectrum ( positive ion mode) of the material deposited
using preparative reactive EES, showing the atropine product 1 and
intermediate 4.

Telescoping in a 3224 reactor caused more byproduct formation and gave less control over the reaction conditions, so
this encouraged us to telescope the atropine synthesis in two
separate reactors (Fig. 6). The optimized conditions using 1,5diazabicyclo[4.3.0]non-5-ene base in separate steps (1st step:
2 min, 100 °C and 2nd step: 6 min, 70 °C) allowed telescoped
atropine synthesis in 55.1% conversion by nanoESI-MS. The
average quantified yield was 33.5% by RP-UPLC.
Comparison of preparative ES and microfluidics

from the ES emitters. This was also favored by increasing the
distance of their intersection point to the collecting surface by
4 cm. This allows for an adequate reaction time for the first
step of the reaction to proceed before interacting with droplets
from the second step reagents. The setup was optimized using
diﬀerent angles of emitters, distances of the emitters to

Fig. 6

Preparative ES is a rapid method which successfully predicted
the reaction pathway, solvent and base with the highest
percentage conversion in microfluidics. Naturally, there were
noticeable diﬀerences between the results of the two techniques in both the conversion to products and the production of
byproducts. The conversion from the starting material to
product was somewhat higher in microfluidics than in pre-

Continuous ﬂow synthesis of atropine in separate reactors. A = tropine; B = phenylacetyl chloride, C = base + formaldehyde; D = water.
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Fig. 7 Full scan positive ion mode spectra of atropine synthesized using (a) 1,5-diazabicyclo[4.3.0]non-5-ene in microﬂuidics, (b)
1,5-diazabicyclo[4.3.0]non-5-ene in preparative ES, (c) potassium methoxide in microﬂuidics, (d) potassium methoxide in preparative ES, (e) sodium
hydroxide in microﬂuidics, and (f ) sodium hydroxide in preparative ES.

parative ES. This can be attributed to the larger scale, the
longer time, the greater ability to control reactions in microfluidics and the use of elevated temperatures. Elevated temperatures have been used for preparative ES experiments54,55
but the successful synthesis of the intermediate at room temperature showed that heat was unnecessary for the binary reaction screening. However, elevated temperatures may be useful
for screening other reactions. Another diﬀerentiating factor is
the open atmosphere in preparative ES. In microfluidics, the
reaction occurs in a closed pressurized system which limits
interfaces to glass/solution interfaces unlike the air/solution
interfaces in preparative ES. A third factor aﬀecting the diﬀerence in conversion is the vapor pressure of both the reagents
and solvents. Reaction acceleration in preparative ESI relies
heavily on solvent evaporation from the charged droplets.22
Volatile reagents may leave the droplets rather than remain in
the ( presumably) highly reactive interfacial positions on its
surface.
There were diﬀerences in the formation of byproducts for
the second step of the atropine synthesis in preparative ES and
microfluidics (Fig. 7). While both techniques heavily favored
the E1 eliminated byproduct, 6, major diﬀerence lie in the
production of byproducts 7 and 8. In preparative ES, 7 was not
produced and conversion to byproduct 8 occurred to give more
than 5% conversion in every successful base with the exception
of 1,5-diazabicyclo[4.3.0]non-5-ene, sodium hydroxide and
sodium methoxide. Conversely, byproduct 7 was produced in

This journal is © The Royal Society of Chemistry 2017

microfluidics with the bases sodium methoxide, potassium
methoxide and tetramethyl ammonium hydroxide. The only
bases to produce byproduct 8 with a conversion greater that
5% were sodium hydroxide and pH 10 buﬀer. Byproduct 8 is
formed when two formaldehyde molecules react with the intermediate 4, while byproduct 7 is the Michael addition product
of methanol to 6 at high temperature. Byproduct 7 was not
formed in preparative ES due to the lack of heat necessary for
the Michael addition.

Conclusion
This is the first investigation of spray reactions guiding microfluidic synthesis where preparative ES has been explicitly used
for route screening, solvent screening and acid/base screenings
on a large scale. Preparative ES was used as a rapid way to discover new synthetic pathways and this methodology led to
faster optimization of microfluidic reactions by determining
and eliminating unsuccessful reaction pathways from further
consideration. Pathway discovery to determine new and faster
reactions for formulation from raw materials can improve
current manufacturing workflows in the pharmaceutical and
chemical industries.
This investigation led to a highly eﬃcient first step esterification of tropine to intermediate without the use of a tropine
salt or an added acid. The first step was optimized in flow utili-
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zing the information obtained in the charged microdroplets.
The intermediate from the first step in preparative ES was
used to screen 22 unique bases for the base-catalyzed aldol
condensation to form the final product, atropine. Seven bases
were shown to yield atropine and with the exception of transient solids, all led to the production of atropine in flow. In both
preparative ES and continuous microfluidics the base with the
highest conversion and lowest conversion to byproducts was
1,5-diazabicyclo[4.3.0]non-5-ene. In preparative ES, the first
step yielded conversion to intermediate 4 of 55% and the
second step yielded atropine in 47% conversion, with an
overall conversion of 26%. In flow, the atropine yield was 30%
using NMR (44% conversion using nanoESI-MS). Atropine was
continuously synthesized in both preparative EES and microfluidics with a conversion of 24% in preparative EES (by
nanoESI-MS) and 34% yield in flow (by RP-UPLC). The correlation of the data between preparative ES and microfluidics
provides evidence that accelerated reactions in droplets can
guide microfluidics.
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Can Accelerated Reactions in Droplets Guide Chemistry at
Scale?
Michael Wleklinski,[a] Caitlin E. Falcone,[a] Bradley P. Loren,[a] Zinia Jaman,[a] Kiran Iyer,[a]
H. Samuel Ewan,[a] Seok-Hee Hyun,[a] David H. Thompson,*[a] and R. Graham Cooks*[a]

Abstract: Mass spectrometry (MS) is used to monitor chemical
reactions in droplets. In almost all cases, such reactions are accelerated relative to the corresponding reactions in bulk, even
after correction for concentration effects, and they serve to predict the likely success of scaled-up reactions performed in
microfluidic systems. The particular chemical targets
used in these test studies are diazepam, atropine and diphenhydramine. In addition to a yes/no prediction of whether
scaled-up reaction is possible, in some cases valuable information was obtained that helped in optimization of reaction con-

ditions, minimization of by-products, and choice of catalyst. In
a variant on the spray-based charged droplet experiment, the
Leidenfrost effect was used to generate larger, uncharged droplets and the same reactions were studied in this medium. These
reactions were also accelerated but to smaller extents than in
microdroplets, and they gave results that correspond even
more closely to microfluidics data. The fact that MS was also
used for online reaction monitoring in the microfluidic systems
further enhances the potential role of MS in exploratory organic
synthesis.

Introduction

organic reactions occur in Leidenfrost droplets.[5] These droplets
differ from ESI-based droplets in that they are (i) larger, (ii) netneutral, and (iii) involve elevated temperatures. The difference
in droplet size means that larger amounts of reagent can be
studied, but the surface/volume ratio is greatly decreased. The
measured reaction acceleration factors for three previously
studied Leidenfrost reactions, hydrazone formation, Katritzky
pyrylium → pyridinium conversion and Claisen–Schmidt condensation, are about an order of magnitude.[5]
Note that we do not expect to be able to transfer optimized
conditions exactly from the droplet scale to the microfluidics
scale, in part because of uncertainty about the origins of acceleration effects in the two systems. We do expect that these
optimized conditions will represent a starting point for efficient
optimization of the conditions in the microfluidics reactor. We
also expect that information on reaction intermediates and
mechanisms might be acquired from the study of droplet reactions. This information is already being obtained in experiments
in which the degree of desolvation of the initial droplets is varied by changing the distance that the droplets travel before
analysis.[1b] Information obtained from the droplet reactor on
experimental parameters including solvent, catalyst, pH, etc. is
also readily acquired, and we examine how transferable this
information is in optimizing the microfluidics reactor.
The identification of suitable pathways to target molecules
is just one step towards an online, automated flow-through synthesizer, for which the groundwork has been laid by several
groups. Notable are the mol-scale, end-to-end, continuous
manufacturing pilot plant developed by MIT/Novartis,[6] the refrigerator-sized, reconfigurable, on-demand synthesizer of pharmaceuticals of MIT,[7] the nanomol-scale robotic high-throughput synthesizer of Merck,[8] and the automated synthesis labo-

This study is part of a larger project, the overall goal of which
is to develop an automated scalable and continuous synthesis
system. A key objective is to test possible synthetic pathways
quickly on a small scale seeking a go/no-go result. We “spottest” particular routes using a chemical pruning step, which employs reaction acceleration in droplets with independent mass
spectrometric analysis. A simple yes/no answer to product or
(in multistep reactions) intermediate formation is sought using
the charged droplet reactor. We use electrospray (ESI) for both
synthesis and analysis with careful control of parameters to
avoid unwanted reaction during analysis.[1]
Charged microdroplets are produced by ESI. It is known that
reaction rates increase as the solvent evaporates because of
changes in concentration, pH, surface/volume ratios, and interfacial effects.[1b,1c,2] The acceleration factors can be remarkably
large.[3] A recent review covers the topic of accelerated reactions in droplets, including evidence that partial solvation of
reagents at interfaces contributes to the orders of magnitude
reaction rate acceleration that can be seen.[1a] The hypothesis
investigated here is that the accelerated reactions that occur in
droplets might assist in rapidly evaluating reactivity in microfluidic systems.
A second method of producing droplets is based on the Leidenfrost effect.[4] It has recently been shown that accelerated
[a] Department of Chemistry, Purdue University
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ratory of Eli Lilly.[9] The mol-scale MIT synthesizer was used to
produce aliskiren hemifumarate in tablet form, from a complex
intermediate in a continuous fashion.[6] The Merck nanomol system was used to screen 1500 reactions per day to identify potential candidate reactions for large-scale syntheses. The Lilly
system combined automated synthesis with analysis performed
remotely controlled in real-time, to produce products on a
gram-scale.
The main question underlying this study is whether droplet
reactions may be used to predict chemical reactivity in flow
chemistry systems, in particular in microfluidics. The mechanism
for acceleration observed in microdroplets is certainly different
from that in microfluidics in that evaporation is not significant
in microfluidics; however, interfacial effects may still play an
important role, especially in droplet microfluidics.[10] The speed
of data acquisition in droplets makes this approach attractive.
Note that false negatives (predict no reaction, but reaction can
be observed) is not expected to be a serious problem, because
there are usually many available routes to test. On the other
hand, a false positive result will lead to wasted effort in seeking
an analogous flow reaction. Note, too, that use of droplets for
a simple yes/no regarding occurrence of reaction represents
only one level of enquiry, even though it is the most important
one. As will be seen in the results now to be discussed, information on reaction conditions is also obtained, although the quality of this information remains to be evaluated further by studying more cases.

ide in ACN but not in toluene. In the case of the chloro starting
material (2), the SN2 and acylation products have identical molecular formulae and are not differentiable; however, the presence of only small amounts of the SN2 product using the bromo
starting material, provides evidence that the chloro compound
reacts mainly to form the desired acylation product.

Results and Discussion

Figure 1. Synthesis of 3 in ACN using (a) chloroacetyl chloride and (b) bromoacetyl chloride in a droplet reactor and in microfluidics (μ-Fl).

The charged-droplet- and microfluidic-based synthesis of amide
3, generated by N-acylation of 1 with the 2-haloacetyl chloride
2, was examined due to its importance as a synthetic step in
the pathway to diazepam (Scheme 1). An electrospray droplet
reactor was used to evaluate potential solvents for the N-acylation reaction using chloroacetyl chloride. Offline chargeddroplet reactions were performed using a mixture of 1 and 2
(X = Cl) in various solvents, and conversion to product as analyzed by ESI MS was compared to a 30 min batch reaction (Figure S1). Before analysis, samples are quenched in order to ensure no further reaction by diluting the collected product into
the solvent used in the prior step. The results indicate that there
is significant acceleration of the reaction when the solvent is
DMF, ACN, or toluene. Acceleration in microdroplets is associated with evaporation and is proposed to be due, in part, to
intrinsic rate acceleration at the interface.[2c] These initial results
encouraged a more extensive reaction screening, where the effect of the chosen 2-haloacetyl chloride (Cl or Br) and the solvent (ACN, toluene) was investigated using a droplet reactor.
Interestingly, the droplet reactor data indicated nearly complete
conversion of starting materials to product for both the chloro
and bromo starting materials in acetonitrile (Figure 1) and in
toluene (Figure S2). Starting material 1 is observed at m/z =
246, and product 3 appears in either its protonated (X = Cl:
m/z = 322–326; X = Br: m/z = 366–370) or sodiated (X = Cl:
m/z = 344–348; X = Br: m/z = 388–392) form. A small amount
of SN2 product (m/z = 322) was observed for bromoacetyl chlorEur. J. Org. Chem. 2016, 5480–5484

www.eurjoc.org

Scheme 1. Reaction of 1 and 2 (X = Cl, Br) to form amide 3.

Flow experiments were performed using the same concentrations as in the droplet reactor while screening the effect of
temperature for a fixed residence time of 30 s. High conversion
to 3 was observed with chloroacetyl chloride in both solvents
at 50 °C. More interestingly, a major difference was observed
with bromoacetyl chloride in ACN, wherein a major amount of
SN2 reaction product was observed, especially at higher temperatures (100 and 150 °C). The presence of a by-product (ion
m/z = 288) arising from the initial SN2 reaction product was
confirmed by NMR spectroscopy and MS/MS (data not shown).
The droplet reactor predicted formation of the desired intermediate, which was observed in flow. However, under higher-temperature conditions in flow, the proportion of SN2 product increased. This difference can be explained by the fact that evaporative cooling occurs during flight in the droplet reaction at
room temperature, thus reducing the reaction temperature.[11]
Nonetheless, the droplet reaction demonstrated reaction feasibility and showed that specific solvents (ACN, toluene) are better than others, a fact reiterated under microfluidic conditions
for this transformation.
The ability of droplet reactivity to guide chemistry at scale
was investigated for another important drug, diphenhydramine.
The flow-based synthesis of diphenhydramine was demonstrated by the reaction of 2-(dimethylamino)ethanol (DMAE)
with chlorodiphenylmethane.[12] This synthesis featured 100 %
atom economy; however, chlorodiphenylmethane is an expen-
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sive starting material, which motivated an effort to develop a
more cost-effective process by replacing chlorodiphenylmethane using a commodity starting material, benzhydrol (4). To
synthesize diphenhydramine (5), benzhydrol (4) was converted
into the corresponding mesyl ester, which was subsequently
treated with DMAE to produce 5 (Scheme 2). The droplet-reactor synthesis of 5 was demonstrated by performing two sequential charged-droplet reactions in either a toluene or acetonitrile solvent system. First benzhydrol and mesyl chloride were
sprayed to produce the mesyl ester. This material was recovered
and redissolved before introduction of the second reagent,
DMAE (20 equiv.) and repetition of the spray process (Figure 2).
The MS analysis of the two-step spray product indicated that
ACN is overall a better solvent for the synthesis of diphenhydramine, (5) (m/z = 256) than toluene. Unreacted DMAE (m/z =
90), mesylated DMAE (m/z = 168), and a dimer of DMAE with
methanesulfonic acid (m/z = 275) were observed with the
charged microdroplets. A similar trend was observed in flow
(Figures S3 and S4), where optimized conditions gave diphen-

Scheme 2. Mesylation of 4 followed by reaction with 2-(dimethylamino)ethanol (DMAE) to form diphenhydramine (5).

Figure 2. Charged-microdroplet (a, c) and microfluidic (b, d) reaction telescoping for the diphenhydramine synthesis in two solvents (ACN, toluene).

hydramine in 35 % and <1 % yield in ACN and toluene, respectively, using 1 equiv. of 2-(dimethylamino)ethanol. Good agreement is observed between the charged droplet reactor and
flow in this synthesis.
The charged-droplet and microfluidic synthesis of atropine
also was achieved by telescoping two reaction steps. The intermediate ester 8 (Scheme 3) was prepared from the commercially available starting materials tropine (6) and phenylacetyl
chloride (7). The intermediate 8 was used without further purification for the aldol condensation reaction to produce the final
product, atropine. The first step was optimized for solvent and
reactant stoichiometry. The droplet reactor indicated N,N-dimethylacetamide (DMA) as the best solvent, and this was confirmed in microfluidics (data not shown). Using the unpurified
intermediate ester 8 (m/z = 260), a base screen with the droplet
reactor determined the effectiveness of three bases in synthesizing atropine (9) (m/z = 290). Each base was successful in the
droplet reactor, producing significant amounts of atropine (and
byproducts), with 1,5-diazabicyclo[4.3.0]dec-5-ene being the
most effective (Figure 3 and Figure S5). In flow, each base produced atropine (and byproducts) with 1,5-diazabicyclo[4.3.0]dec-5-ene again being the most efficient. There is also some
agreement between flow and charged droplets on the type and
extent of byproduct formation. For example, using 1,5-diazabicyclo[4.3.0]dec-5-ene, atropine and its dehydration product 10
(m/z = 272) are observed. However, with MeOK the same type
of byproducts could be observed, but their proportions were
quite different (Scheme 3). The major byproduct in flow, 11
(characterized by m/z = 304) is barely formed in charged droplets. One possible reason for this difference is that formaldehyde with its high vapor pressure escapes the droplets rapidly
obviating formation of this byproduct. Finally, good agreement
between the two methods was observed with NaOH, where the
α, -unsaturated product 10 (m/z = 272) is the major byproduct
for both droplet reactor and microfluidics. Thus, for the synthesis of atropine, the charged-droplet reactor was useful in guiding the choice of solvent and base.
The occurrence of accelerated organic reactions in Leidenfrost droplets[5] is at least in part a surface property (partial
solvation of reagent molecules at the surface reduces activation
energies). Consistent with this and the smaller surface/volume
ratios of Leidenfrost droplets, acceleration factors are smaller
than in electrosprayed microdroplets. However, the larger droplets (0.5 mL volume) mean that conditions in the Leidenfrost
droplets are closer to those in microfluidic solutions and in bulk,
so the predictive power of Leidenfrost droplet reactions might
be even greater than that of electrospray-generated droplets.

Scheme 3. Esterification reaction of 6 with 7 to synthesize 8 followed by base-catalyzed aldol condensation with formaldehyde to synthesize atropine (9).
Eur. J. Org. Chem. 2016, 5480–5484
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